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Because interest in operational amplifiers is 
becoming so widespread today, and because 
this is the first complete book on the subject 
(except for the promotional handbooks of 
manufacturers), it will appeal to the widest possible 
audience in and out of the design field. Although 
written primarily for the design engineer who uses 
operational amplifiers, it will also serve many 
varied readers throughout all areas of electronics, 


from project engineers to men involved in process, 


medical, and aerospace instrumentation to linear 
integrated circuit designers as well as the 
academic community. 


First of all, it offers the reader a sure and ready 
ability to evaluate, measure, and use operational 
amplifiers. More, it provides a large number of 
Circuit applications to broaden the reader's area 
of competence. 


A perfect on-the-job tool, it provides the basic 
designs and design theory for basic DC amplifier 
stages and operational amplifier circuits, thus 
saving engineering time and improving engineer 
effectiveness. Conceived as an essentially 
practical work, it gives information that can be 
directly applied to instrumentation design. 
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Operational amplifiers are without question the 
most widely used linear circuit components — 
approximately 20 million were sold in 1970—and 
until now, no comprehensive book on the subject 
has existed. Covering basic theory, test methods, 
amplifier design techniques and applications, the 
volume is divided into two parts: 

J 


Part 1 offers the reader insight into the circuit 
design techniques used inside the operational 
amplifier and now used generally in linear 
stage design, intermediate-stage design, output- 
stage design, noise, dc stability, frequency 
compensation, chopper stabilization, varactor 
diode bridge amplifiers, and many more. 


Part 2 is an extensive discussion of applications 
such as linear and nonlinear circuits, multiplier/ 
dividers, A/D conversion techniques, active filters, 
signal generation, modulation, and demodulation. 
Not simply a circuit collection, it explains the 
principles of operation of the circuits and provides 
an analysis of error factors. 


In addition, various appendixes provide all basic 
theory plus definitions of terms and test methods 


needed by the novice and invaluable to the expert. 
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PREFACE 


The operational amplifier has become a basic analog building block 
common to a multitude of electronic functions performed in instrumenta- 
tion, computation, and control. From the availability of these economi- 
cal and versatile amplifiers has come a transition in the development 
of such electronics which has made the operational amplifier a basic 
component. As is generally the case, however, this rapidly growing 
new area of electronics has not been accompanied by thorough treatment 
of the associated technology. Beginning with the Handbook of Opera- 
tional Amplifier Applications published by Burr-Brown in 1964, several 
segments of the operational amplifier technology have been given abbre- 
viated coverage. Within this book, a complete treatment of the design 
and application as well as the theory and testing, of operational ampli- 
fiers has been developed by the staff of Burr-Brown. From this treat- 
ment results a practical engineering reference related both to accepted 
electronics theory and actual electronics practice. It is hoped that 
this reference will aid the development of the operational amplifier tech- 
nology by making available much previously unpublished information. 

Due to the influence of integrated circuits, operational amplifier 
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design and application techniques are becoming essential tools of the 
linear circuit designer. The integrated circuit designer will find the 
differential and direct-coupled stages treated in Part 1 to be fundamental 
building blocks. Similarly, the instrumentation designer will find the 
application techniques of Part 2 to be the basis of future designs. 

To treat the various major aspects of operational amplifier technology, 
the material of this book is presented in two principal parts and two 
appendixes. Part 1 considers the design of operational amplifiers to 
provide insight into the factors which determine amplifier performance 
characteristics and to outline the techniques available for their control. 
Part 2 presents an extensive selection of practical operational amplifier 
applications with sufficient descriptions of operation to permit design 
adaptation from the specific circuits described. In Annendix A the 
basic theory of operational amplifiers is reviewed to provide an accom- 
panying reference. Following, in Appendix B, concise definitions of the 
performance parameters used to characterize operational amplifiers are 
given, and associated test circuits are presented and described. For 
those acquainted with operational amplifiers, a study of Parts 1 and 2 
using the Appendixes as references should familiarize the reader with 
the material covered. Those desiring to acquire a more thorough 
understanding of the subject would benefit from a prior study of the 
Appendixes. Following this familiarization, the book should serve its 
most valuable function as a reference to engineers on the nature of 
operational amplifiers and the array of electronic functions which they 
can perform. 

Part 1 develops the elements of operational amplifier design from the 
characteristics of bipolar transistors and FETs to the characteristics 
of individual stages and then to the complete multistage operational 
amplifier. In Chapter 1 the signal characteristics of differential stages 
are resolved in terms of commonly available semiconductor device 
parameters. By relating the differential stage to the familiar common- 
emitter and common-source transistors, the analysis and understanding 
of differential stages is greatly simplified. Then, in Chapter 2, the 
DC errors and noise of differential stages are analyzed to define their 
respective sources. From these results the techniques of compensating 
input offset voltage drift are summarized in readily applied equations 
and graphs. Next a survey of practical input, intermediate, and output 
stages of operational amplifiers is made in Chapter 3 including descrip- 
tions of individual stage characteristics. Upon combining these various 
stages to form a complete amplifier, the overall operating characteristics 
are found from the interaction of individual stages as described in 
Chapter 4. The interaction of the signal and error parameters of 
various stages are discussed there including a simple technique of pre- 
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dicting the frequency response of cascaded stages. From the high gain 
of the cascaded stages the resulting operational amplifier provides control 
of electronic functions through negative feedback, and the amplifier 
response characteristics determined by this feedback are covered in 
Chapter 5. Feedback stability as provided by phase compensation is 
related to steady-state and transient amplifier response characteristics 
including a straightforward approach for predicting peaking. 

Throughout the applications section of the book (Part 2), an attempt 
has been made to show the basic principles of operation so that the 
reader will be able to extend the results and modify the circuitry to 
meet his own particular needs. Chapter 6 represents the most com- 
mon linear circuit applications including the various types of feedback 
amplifiers. Also discussed here are integrators, regulators, and reference 
circuits. Chapter 7 is devoted to nonlinear functions realized with 
operational amplifier circuitry. Included are limiters, function genera- 
tors, log amplifiers, and a collection of analog multiplier techniques. 
Chapter 8 is a rather unique treatment of the realities and practicalities 
of active filter design through the use of operational amplifiers. Chapter 
9 is a survey of the various switching and sampling circuits which use 
operational amplifiers. Included are multiplexers, A/D and D/A con- 
verters, sample-hold circuits and various types of peak detectors and 
comparators. An extensive collection of signal generators—sine wave, 
triangle wave, square wave, sawtooth, etc.—is discussed in Chapter 10. 
And, finally, Chapter 11 illustrates the use of operational amplifiers in 
circuits which perform modulation and demodulation. 

The writers are grateful to H. Koerner, Dr. L. P. Huelsman, and 
D. R. McGraw for their assistance in maintaining consistency and 
accuracy in the manuscript. We also wish to thank Carole Williams, 
Joan Burgess, and Maryon Hartman for their exceptional accuracy 
in typing, and the Burr-Brown Graphics section for the preparation 
of highly detailed artwork. 

Special thanks are due to Tom Fern for his support of the project and 
to Thomas R. Brown, Jr. for providing a conducive environment. 


Jerald G. Graeme 
Gene E. Tobey 


HISTORICAL NOTE 


The term ‘operational amplifier’? was apparently coined by John R. 
Ragazzini, and colleagues, in a paper! published by the IRE in May of 
1947. The paper described the basic properties of such amplifiers 
when used with linear and nonlinear feedback and was based on work 
performed in 1943 and 1944 for the National Defense Research Council. 
This, and most other early work with operational amplifiers, concen- 
trated heavily on their use in analog simulations and in the solution 
of integro-differential equations. Credit for much of the initial develop- 
ment of the operational concept must go to George A. Philbrick who 
worked as a technical aide on the NDRC work described above, and 
who later was instrumental in the development of the first commercial 
“plug-in” operational amplifiers—using vacuum tubes. 

It was not, however, until the introduction of modular solid-state 
operational amplifiers in 1962, by Burr-Brown Research Corporation 
and G. A. Philbrick Researches, Inc., that the full value of the concept 
began to be apparent. Since that time the operational amplifier, in 
modular and integrated circuit form has, to an ever-increasing degree, 
dominated the design of nondigital systems. Although predicting future 
developments is always risky, it seems safe to say that the operational 
amplifier will continue to be an extremely important tool in system 
and circuit design during the remainder of this decade. 


1J.R. Ragazzini, R. H. Randall, and F. A. Russell, Analysis of Problems in 
Dynamics by Electronic Circuits, Proc. IRE, May, 1947. 
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DESIGN 


1 


DIFFERENTIAL AMPLIFIER 
STAGE SIGNAL 
CHARACTERISTICS 


A differential amplifier stage as represented in Fig. 1.1 provides high 
voltage gain to differential signals applied between its inputs while 
responding with much lower gain to voltages common to the two inputs. 
As a result, the desired differential signals are amplified with little effect 
from extraneous common-mode signals. Such extraneous signals fre- 
quently result from signal current flow in long lines or from noise pickup, 
but they are essentially rejected by a differential stage, as will be described. 
The differential stage also provides isolation of input and output quiescent 
voltage levels by means of its common-mode signal characteristics. 
Because of its low common-mode gain, the stage has only small varia- 
tions in the quiescent or average level of the two output signals for 
large variations of this type at the inputs. 

Developed in this chapter are the signal characteristics of bipolar 
transistor and field-effect transistor (FET) differential stages. The 
differential gains, the common-mode gains, and the associated frequency 
responses of these stages are derived in a simplified manner by drawing 
on the similarity of the stages to common-emitter and common-source 
amplifiers. Then differential circuit unbalances giving rise to common- 
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4 DESIGN 


Fig. 1.1 Basic bipolar transis- 
tor differential stage. 


mode signal sensitivity are analyzed, providing a common-mode rejec- 
tion figure of merit. These and other considerations involved in the 
design of a differential amplifier stage are outlined and related to the 
corresponding detailed analyses in this and other chapters. Con- 
cluding the chapter is a description of several differential-stage designs 
which improve specific characteristics. 


1.1 Low-frequency Differential 
Signal Characteristics 


Since the differential stage is composed of two common-emitter amplifiers, 
Qi and Qe in Fig. 1.1, the well-known common-emitter analysis can be 
applied by considering the manner in which the signal is amplified. 
Differential signal Eig is impressed upon the source resistances, emitter- 
base junctions, and emitter resistors of the two transistors. For matched 
resistances and transistors under small signals, one-half of Eia will drop 
on each side of the stage as indicated. Effects of mismatched com- 
ponents are considered in Sec. 1.4. Equal division of the differential 
input signal produces equal and opposite current changes in the two 
transistor emitters, resulting in no change in the total stage current 
supplied by common-mode biasing resistor Rou. Associated collector 
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signal currents produce equal and opposite output signal voltages, 
Koi and E.2, to produce the differential output signal Koa. 

Since the current in Rey is not affected by differential signals, Rou 
may be omitted for differential analysis, leaving the simplified common- 
emitter circuit of Fig. 1.2a. One-half of the input signal is applied to 
each common-emitter transistor input circuit, giving 

Bia — Eig 


AS = 
Q ~~) 2 


As = Eo1 — Koo = Koa 


where A, and A» are the voltage gains of transistors Q; and Q2 as com- 
mon-emitter amplifiers. 
For a balanced circuit, A, = Ae, and the differential gain becomes 


Koa 


A= A, = 
a 


The amplification of a differential signal is, then, equal to the gain of one 
side of the differential circuit. Application of the signal to a common- 
emitter amplifier identical to one side of the differential circuit will 
result in a gain equal to that of the stage. As a result, differential 
gain is found by using common-emitter analysis! applied to the equivalent 
circuit of Fig. 1.2b. 

The transistor model of Fig. 1.3 includes the primary characteristics 
important for low-frequency common-emitter amplifiers. Base resis- 
tance r;, is not considered in this model as it is too small to influence 


a 


_id 
2 


Re 
a a 


“OA = 
Sages 
(a) (b) 


Fig. 1.2 (a) Balanced differential mode signal circuit and 
(b) equivalent single transistor circuit. 
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r. (1-a) 


E : 
B*200 Fig. 1.3 Bipolar transistor 
+ model. 
r6(1-a)=1MO atl, =30pA 
P100k2 atip=imA 
KT . 25mV at 25°C 
q e le 


significantly the common-emitter characteristics to be described. To 
indicate common small-signal transistor characteristics, typical values 
are defined in the diagram, using the symbol 2. Resistance of the 
reverse-biased collector-base junction results in the r.(1 — a) resistance 
which conducts feedback current from collector to emitter and which 
loads the output current generator. Application of this model to the 
equivalent common-emitter circuit results in the gain analysis model 
of Fig. 1.4 for R,. <r.(1 — a). From the currents identified, the low- 
frequency differential voltage gain of a differential stage is 


a Rer, ; 
Ss a er ee (1-1 
Pa R.(Re + 9) ot Re[Re + re(1 = a) | ( ) 
where | | 
R. = Re + Ye R. <K r.(1 ma a) 


Generally the collector resistor is much less than r.(1 — a), and the 
gain expression simplifies to 


ae = 
Ao = =————. =_ 10 to 100 1-2 
Re + Re/8 “— 
where (1 — a) = 1/8. While r.(1 — a) drops from its megohm level 
at collector currents higher than 30 ywA, the collector resistor also must 
decrease to maintain a bias voltage drop within the limit placed by the 
power supply level. As a result, the approximate gain expression is 
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accurate in most cases. Gain will be less than predicted by the simplified 
expression where the approximation becomes less precise. 

By the same comparison with a common-emitter transistor, differential 
input and output resistances of the differential stage may be found. 
Note that the series-connected transistors of the stage yield a differential 
input resistance which is twice that of the common-emitter amplifier 
represented by one side of the stage, as in Fig. 1.4. From the common- 
emitter input resistance of this circuit, differential input resistance is 


e Rec + Ie - 26 1 
Ri = 28R. Ro Lr, i for (1 — a) = 3 (1-3) 
Rr = 26R, for Ro <r,(1 — a) = (1-4) 


When the collector resistor approaches r,(1 — a), input resistance falls, 
demonstrating the feedback effect of the reverse collector resistance fg. 
Two output resistances of interest with a differential stage are that 
presented to the collector resistors and the resulting resistance appearing 
at the output terminals. The ability of the stage to drive currents into 
the collector resistors is indicated by the high resistance presented by 
the transistor outputs. Output resistances of the two transistors 
appear in series between the output terminals, resulting again in a 
resistance which is twice that of the common-emitter case represented 
in Fig. 1.5. Doubling the output resistance found for the circuit shown 


Bl, - ({4-a) 


Ree Retr, 


Fig. 1.4 Gain analysis circuit. 
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Fig. 1.5 Common-emitter output resistance analysis 
circuit. 


gives the differential output resistance presented to the collector resistors. 


R! =5 R.Re + R.r, + Rer-(1 a a) 
~~ R. + Re 
1 so, Re + Re/6 
Ro = 2r, ee for Re K re (1-5) 


The ability of the stage to develop a voltage across a load is described by 
the net output resistance at the output terminals. This resistance is the 
parallel combination of the two collector resistors and the resistance of 
Eq. (1-5). 
2r-Ro(Re i Re/B) 
oS for Roe K re 1-6) 
© or (Re + Re/B) + RaRc f 
Ro 


2Ro if Ro Kr, (1 — 2) (1-7) 


By drawing a similar parallel between a junction-FET (JFET) differ- 
ential stage and a common-source FET, characteristics of this stage are 
obtained. Defined in Fig. 1.6 are the stage and its differential gain 
equivalent common-source circuit. For analysis, the JEET de model? of 
Fig. 1.7a is applied to the preceding gain equivalent circuit. The com- 
plete circuit model is analyzed in Fig. 1.7b, resulting in the currents 
indicated. Differential voltage gain of the FET stage is then 


A. — Bea _ StRores 
Hia Rp + Yas 1+ Re + Rs ii Rsfas 


igo ae 
l'gs Yds + Rp 


(1-8) 


Being the resistance of a reverse-biased junction, r,, is far greater than 
typical driving or signal source resistance, and the drain resistor 1s often 
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less than 3800 kQ level of ra,, resulting in 


_ o4,Rp 
1 + grsRg 
As before, differential input and output resistances seen in series across 


the two FETs are twice those found for a common-source FET. Input 
resistance can be written from the currents recorded in Fig. 1.7b. 


Ao = for logs > Re + Rs Tds > Rp (1-9) 


Rsfas 
Ri = 2rzs (1 Aare R 1-10 
I Ip ( ar Se ae) S ( ) 
Ry = 2001 + gisRsg) for legs p>: Rg las 2 Rp (1-11) 
Rr = 10°09 


The determination of the output resistance presented to the drain resistors 
follows from the currents defined in Fig. 1.8 for the conditions shown. 


ne! + O'rsVas) + Re 


Tgs + Re + Rs 
Ro = 2ral + gisRs) for lps > Re + Rg Yds > Rs (1-13) 


Ri, = 2ra. + 2R, (1-12) 


VO 
+ 


CM 


(a) 


Fig.1.6 (a) Basic FET differential stage; (b) single FET differential equivalent 
circuit. 
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Tyait T Tt 
gg” 102, G4, = 1000p, ry, = 300K 


(a) 


Fig.1.7 (a) Junction-FET de model; (b) circuit model of gain equiva- 
lent circuit. 


Fig. 1.8 Common-source output resistance analysis. 
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Comparing the approximate output resistance expression with the gain 
relationship of Eq. (1-9) reveals that addition of a source resistor increases 
output impedance by the same factor by which it reduces gain. Com- 
bining the resistance appearing at the FET outputs with the drain 
resistors gives the net resistance between the output terminals: 


Ro = 2ras(1 + gisRs) ||2Rp (1-14) 
Ro = 2Rp if lds > Rp (1-15) 


1.2 High-frequency Differential 
Signal Characteristics 


Frequency response of a differential stage is conveniently analyzed by 
reflecting collector-base capacitance C, or gate-drain capacitance Cgq to 
the input as Miller-effect equivalent capacitance. For high-gain differ- 
ential amplifiers, the Miller effect creates the dominant input capacitance, 
and the emitter-base capacitance C,, or gate-source capacitance C,, will be 
negligible. The frequency of the stage pole may then be found by con- 
sidering the shunting effect of the Miller capacitance on the signal source 
resistance and the equivalent input resistance. When the signal source 
resistance 1s small, this shunting effect is less significant, and the effect of 
collector-base or gate-drain capacitance on the load resistor must be con- 
sidered. To include shunting effects on the collector load resistor with 
Miller-effect representation, the hybrid-pi model of a common-emitter 
transistor may be used to develop an equivalent circuit which includes 
both effects. 

From the hybrid-pi model of Fig. 1.9a a unilateral two-port model of a 
differential stage can be defined to simplify analysis of high-frequency 
differential-stage characteristics. Feedback and output shunting effects 
of r, were included in the input resistance and the output resistance found 
in the preceding section. For a single common-emitter transistor the 
resistances are one-half those defined for a differential stage by Eqs. (1-3) 
and (1-5). Replacing r, with these equivalent resistances and neglecting 
C.» provides the common-emitter transistor model of Fig. 1.9b. Again, 
the small r, is neglected and a is assumed near unity. To complete the 
transformation, the feedback and shunting effects of C, will be represented 
by shunt capacitors across the input and output as shown in Fig. 1.9¢. 
Capacitors C, and C, will have the same effects as C, if the currents drawn 
are the same. 

I = jwC.(E; — E,) = jwCiE; = —joC.E, 


Ko 
Ci — ¢ — =) Ce 


C. = ¢ — =) C. = C, for high gain 


12 | | , 7% DD EESHGNN 


Fig.1.9 (a) Hybrid-pi model of a bipolar transistor. (b) Common-emitter amplifier 
and simplified hybrid-pi representation. (c) Miller-effect equivalent circuit. 


When C, is known, C; is resolved from the diagram as 


LZ. 
C, = (: + z) C. 


___ Ro 
— 2+ joRoC, 


where 


c 


Ro = Ro||2Rec 


To confirm the accuracy of neglecting Cy, its contribution to input 
capacitance can be compared with that of the above Miller-effect capac- 
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itance C;. The effect of the emitter-base capacitance may be compared 
by considering its relationship to the transistor gain bandwidth product? 
Wt. 


We 


For a typical silicon small-signal transistor at a collector current of 50 wA, 
f,1s greater than 50 MHz, resulting in 


Cer <3pF ~ C, 


Considering the effect of this capacitor on input capacitance, 


Te Le 
C; = R. Ceo + (: — x) Ce 
For high stage gain, C., will be negligible in comparison with Miller-effect 
input capacitance. 

To apply the above results to a differential stage, the stage may again 
be considered as two series-connected common-emitter transistors as 
shown in Fig. 1.2a. Differential input capacitance is the series combina- 
tion of the input capacitances of the two common-emitter amplifiers. 


Ze C. Ro 
a + Weta pers = 1-1 
Cr (: =) 2 Z 2 + jwRoC, (1-16) 


A typical differential stage with a gain of 30 will have a low-frequency 
differential input capacitance of around 50 pF. However, this input 
capacitance is not a constant but decreases with increasing frequency as 
the stage gain falls. 


rs Ro/Re ) Ce 
a ¢ 5 + jwRoC./ 2 


Operational amplifier input capacitance is significantly affected in this 

manner as the high-gain input stage generally has heavy capacitive load- 

ing produced by phase compensation between the stage outputs. Con- 

sidering the loading on an input stage as Cz, the pole frequency of the 
input capacitance is reduced by the load as described in 

Cr+ (1 oe 2, ae )F 

2 + jwRo(C. + Cxi/2)7 2 
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_ Combining the input capacitance and input resistance expressions and 
— neglecting the first term above, the differential input impedance will be 


Rr . ( 2 + jwRoC. ) 
| 


=o R <a ee - 
1 + JwRrCy 2 + jwRoC.R1/2R. a 


Zi 
if Ry/2R. > 1, as is true for Ro Km. 

Capacitance loading typically increases high-frequency input imped- 
ance since the Miller capacitance is decreased. Reduced Miller capaci- 
tance lowers the frequency of the input impedance zero without an 
accompanying decrease in pole frequency. Addition of Cz, changes 
input impedance to . 

hs Loe jwRo(C. = Cr) 
Z, = Ri -—— 
2 + JwRoC.R1/2R- 
As a result, differential input capacitance is usually only 10 pF at the 
frequency for which the input resistance is shunted 50 percent and input 
impedance is halved. With this frequency dependence, the significance 
of the input capacitance under operating conditions should be evaluated. 
A 50-pF differential input capacitance at 10 Hz is a negligible shunt to 
input impedance. Rather, the more meaningful input capacitance for 
consideration 1s that at a frequency for which input impedance is sig- 
nificantly lowered. 

Combination of the Miller-effect equivalent circuits of the two com- 
mon-emitter transistors provides the differential signal model of the 
stage in Fig. 1.10 for 8 > 1. Input and output resistances shown are as 
described in Sec. 1.1, and the total source and load resistances are the 


eR. 


R,+R,/B 


/ 
ss 2en,(fetts), noazs,(Settalt) 
ue ae BRett, . RtR, 


Ro 


/ 
Z = ———-—~—_- | R_ = R'|/2R_,R =R_+r 
¢ 2+ jwR,C, gr hg en canes Bee 


Fig. 1.10 Differential signal model of a bipolar transistor differential stage. 
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sum of those of the common-emitter transistors. Differential signal 
frequency response may be described by solving for the gain of this 
model. In the typical case Rc <r-(1 — a), and the model simplifies 
with Ry; = 28R. and Ro = 2Rc. For high-gain stages the dominant 
portion of Cy shown is the second term, resulting in an output of 


—RcE; 


Eo = 
o” R(L + jwReC.) 
where 
n EiaZy 
EK, = 
; Zi + 2Re 


~ Kia Re + Re/B 


1 + joRec, (5S ) 


R. + Ro /B 
for Ro <r, (1 — a) (1 —a) = ; Z.>> Re (1-18) 


Note the heavy dependence upon source impedance of both the de gain 


and of the pole frequency 
ae 1 R.+ Re/8 
: 2rRcC. Re + Re 


Increasing the source resistance decreases the gain and bandwidth, 
forcing the frequency response curve toward the origin, as illustrated in 
Fig. 1.11 for the two cases of negligible and predominant Re. 

By relating C, to commonly measured transistor capacitance the 
response pole frequency of a differential stage can be predicted. Col- 
_ lector-base capacitance is generally measured as C., which is the com- 
mon-base output capacitance. Comparison of the operating collector- 
base bias voltage Vcp with the C., test voltage Vcxg defines C, in terms 
of Cop. In common planar-diffused transistors, junction capacitance is 
inversely proportional to the cube root of the junction voltage, and 


3 Vaca 
C. = Cop me HC 
Vos 


(1-19) 


where 
C, A package capacitance 
C, = 0.5 pF 
In the case of a phase-compensated differential stage, it is advantageous 
to reflect capacitance effects to the stage output for response considera- 
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A(dB) 


INCREASING Rg 


R, NEGLIGIBLE 
Re 

PREDOMINANT 
Fig. 1.11 Differential-stage 


Bode plot showing the effect 
of source resistance on response. 


A 
ate fete) 


tion, rather than to use the previous input capacitance representation. 
In this way the frequency-determining elements of the stage may be 
combined directly with the phase compensation elements typically con- 
nected to the stage outputs and also with the loading impedance of any 
following stage. Once again the common-emitter amplifier analysis 
may be applied. The differential output impedance of the stage is 
that of two common-emitter amplifiers connected in series as in Fig. 
1.2a. If the transistor collector capacitance C, is considered to be > 
the major frequency limitation, as before, the transistor output char- 
acteristics are modified by the shunting of r, by C,. Output impedance 
presented to the collector resistors follows from the output resistance of 
Eq. (1-5) by replacing r, with the impedance of r, and C, in parallel. 


Py 26 Re a Re/B 
Ro 7 ee R. + Re 
Zo = _ te Re + Re/8 (1-20) 


1 + jor.Ce R. + Re 


Since output impedance is formed by the output resistance in parallel 
with the output capacitance, 

R, 

Zo = ——avr 

1 + JoRoCo 

Combining the last three expressions, the equivalent output capacitance 
of a differential stage is 

ro OF Re + Re 


Co DR. +Re/é 


(1-21) 
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The resulting ac equivalent circuit of the differential stage is shown in 
Fig. 1.12. 

The above expressions for output resistance, output capacitance, and 
the response pole frequency demonstrate the reverse transfer effects of 
the bipolar transistor stage by their high dependence upon the driving 
source impedance. As a result of these reverse transfer characteristics, 
cascading one bipolar differential stage with another changes the responses 
of both stages. Note that as the source impedance approaches zero 
the output resistance increases and simultaneously the output capaci- 
tance decreases, causing the pole frequency to increase. 


Ro = 2r. 4 100 M2 @Ico = 30 pA 


C 
Ci =—Z£1.50F 
07 "9 oP if Ro < BRe 
Sas 

2rRcC. 


As the source impedance becomes large, the stage output imped- 


ance drops and the increasing equivalent output capacitance reduces 
bandwidth. 


2Y¢ 
Ri Soe Sw) aS 1 MQ @ Ico = 30 pA 
Bi ie C. . BC. : 
Co = a oo 150 pF if Re > BR. 
| oe oa 1 


f 2 
27rRco C, 27 Ro C.B 


Comparison of the above two cases indicates that a source resistance 
which is large compared with the emitter resistance reduces output 
resistance, increases output capacitance, and decreases bandwidth by a 
factor approximately equal to the beta of the transistors. 


Fig. 1.12 Differential signal equivalent output circuit of a bipolar 
transistor differential stage. 
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For an FET differential stage, differential ac signal behavior is deter- 
mined by a similar analysis. The capacitances of an FET are indicated 
in the device model of Fig. 1.13a. Common small-signal FETs have a 
gate-drain capacitance C,a of 3 pF and a 6-pF gate-source capacitance 
Ces. Once again, the Miller multiplication of the reverse transfer capac- 
itance creates the dominant input capacitance effect and the gate-source 
capacitance is negligible. By connecting the FET as a common-source 
amplifier, the input and output resistances are increased by the source 
resistance, as developed in Sec. 1.1. From that analysis, the resistances 
are one-half that resulting with a differential stage, as indicated in Fig. 
1.13b. Since this equivalent circuit is of the same form as that of the 


(c) 


Fig. 1.13 (a) Junction-FET pi model. (b) Common-source representation. (c) 
Miller-effect equivalent circuit of (b). . 
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bipolar transistor in Fig. 1.9b, the reverse transfer capacitance may be 
replaced by similar input and output capacitances C, and C, in Fig. 1.13¢. 


; OrLa ) 
( " 1 + asks : 


Ce = Cga for high gain 


Differential input capacitance of the FET differential stage equals the 
series combination of those of the two common-source FETs forming the 


circuit. 
isa Cea 
C,; = {1 ———____— } — 
; ( ai 1+ a, 2 
where 
Ro 
Z4 = ——-—_—_ 1-22 
2+ jwRoCga ( 


Being comparable in magnitude to bipolar stage input capacitance, the 
input capacitance of the FET stage presents a low-frequency shunt to its 
high input resistance. The resulting input impedance is 


Ry 


/ (een rae 
* 1+ joRiC; 


and, neglecting the first term of Cy, 


2 + jwRoCea 


Zy = Ry —---———_— 
: "9 + jJorgsStsRoCga 


for giles >> 1 (1-23) 


As a result of Miller-effect input capacitance, the high input resistance of 
the FET differential stage does not provide as dramatic an improvement 
in impedance isolation for ac signals. Cascode biasing of the FETs, how- 
ever, helps to extend the frequency range for high impedance isolation, as 
will be discussed in Sec. 1.5. 

Combining the input resistance and de gain results of the previous 
section with equivalent capacitors derived as in the bipolar transistor 
case, a differential signal model for the FET stage is shown in Fig. 1.14. 
For almost all practical levels of signal source resistance, the input resis- 
tance presents only a very small shunt and can be neglected. Using this 
model, with the first term of Cy omitted for the high-gain case, the differ- 
ential response of an FET stage is 


—g1sRo 1 


1+ gisRg 2 + jwRoCgal(1 + gisRo)/(1 + gisRs)] 
, for Ry > Re La > Rg (1-24) 


AQjw) = 
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91, 44 ) Cod 


R =2r (+9 Re)e Ce (te 
| "gs fs 'S | (G5. Re 
Ro y, / 
“4° B+ j0R Ca" Ro Stag (‘#94 Re) RorRGll2R, 
Og 


Fig. 1.14 Differential signal model of an FET differential stage. 


Although the de gain of this equation is independent of signal source 
resistance Rg, reverse transfer capacitance again makes the pole frequency 
highly sensitive to this driving resistance. From the above response 
expression the pole frequency is 


i = 1 1 + Rg 
” — tRoCega 1 + g:sRe 


(1-25) 


To relate the FET differential-stage response to FET characteristics nor- 
mally measured, Cga can be defined in terms of C,s5. The latter capac- 
itance is measured as the reverse transfer capacitance from drain to gate 
with the source shorted to the gate. Again the gate-drain capacitance 
will be inversely proportional to the cube root of the reverse junction 
voltage as described for the bipolar transistor case. Then Cgqg will be 
related to C,ss; by the cube root of the ratio of Vep to the Crss test voltage 
Vent. 


*[Vanr 
Cea = Cras + C) 
Vap 
where 
Cp A package capacitance 
C, 4 0.5 pF 


An equivalent circuit of the stage output is similarly useful in resolving 
the effects of phase compensation networks on the FET stage. By con- 
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sidering the pole frequency above, an equivalent output capacitance 
providing the same response in conjunction with a load Ro is 


, 1+ ¢sRe Cea 


Cie 
m7 1 + g:.Rs 2 


(1-26) 


Representing the FET-stage differential response behavior, Fig. 1.15 is 
the resulting equivalent output circuit. 

In this and the preceding section low-frequency and high-frequency 
differential signal characteristics have been defined and modeled. Com- 
mon-mode characteristics of a differential stage are similarly treated in 
the following section. 


1.3 Common-mode Behavior of a 
Differential Stage 


As analyzed in the preceding sections, the desired output from a differ- 
ential stage is that produced by a differential signal applied between the 
stage inputs. However, the common-mode voltage present at both 
inputs also creates an output voltage. At the output both a common- 
mode and a differential-mode error voltage result, as will be discussed in 
this and the following section. The relative importance of these two 
output error signals depends upon whether a differential or a single-ended 
output is taken from the stage. With a perfectly balanced stage, the 
common-mode input voltage will result in only a common-mode output 
voltage. For an analysis of common-mode signal effects in the balanced 
case, consider the circuit of Fig. 1.16 in which the inputs have a common 
connection and the outputs have a common connection. With no differ- 
ential input or output voltages, this circuit represents a balanced differ- 
ential stage under common-mode signals. Simplifying the circuit results 
in the single common-emitter amplifier having two parallel transistors as 
shown. From this representation differential-stage common-mode 


G45 Fig 


I+9,, Re 


Fig. 1.15 Differential signal equivalent output circuit of an FET dif- 
ferential stage. 
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Fig.1.16 Balanced differential-stage common-mode equiva- 
lent circuits. 


characteristics can be found by using the common-emitter relationships 
employed in Sec. 1.1. 

To provide a stable common-mode current bias to the stage, the biasing 
resistor Rom 1s made large to keep current changes from input voltages 
small. In general, Rom is far greater than Re or r,. Dominating the 
resistance of the input circuit, Rom absorbs essentially all the common- 
- mode input signal unless a very large signal source resistance is involved. 
Common-mode input resistance provided by a large Rom is much greater 
than the differential input resistance developed by R,.. From the 
common-emitter expression, common-mode input resistance is | 


Te : 
Te + 26Rom 
Common-mode input resistance will then be between BRcm and r,/2, 
which can reach the 100-MQ level. 

It is this very high common-mode input resistance which makes the 
noninverting configuration desirable for impedance isolation with bipolar 
transistor operational amplifiers. Output resistance is also improved 
by the large Rom and, for the common-mode case, is the parallel com- 
bination of the output resistances of the two common-emitter transistors. 
Resistance presented to the collector resistors is 


, Re Le 
al Cc : 1-28 
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Combining this resistance with the collector resistors, the output resis- 
tance presented to any load on the stage is found to be 


Re Rene 


R cm Se 
. 2 Remre + RcRe/2 


for Rc <Ire (1-29) 


Except in the case of exceptionally large collector or source resistances, 
the output resistance is, as might be anticipated, 


R 2Romle 
Rem = = for ko < = 


(1-30) 
Because of the large common-mode biasing resistor Rom, relatively 
small changes in the stage currents result from common-mode input 
signals. These changes produce correspondingly small signal voltages 
on the collector resistors, and the amplification of a common-mode 
signal is far less than that provided for differential signals which are 
impressed upon R,. Common-emitter analysis applied to the circuit 
of Fig. 1.16, neglecting R, in comparison with Rem, results in a common- 
mode gain expression of 


—Re(ar, — 2Rem) 


2Rom(Re + re) + Relre(1 — a) + Re + 2Rem] 
for Rom > R. (1-31) 


Aocm == 


For typical resistance levels the common-mode gain is approximated by 


—Re 


Moem = 
° 2Rom 


R é 
for 73 < Rom «= Ro K<r,(1 — a) (1-32) 


The frequency dependence of the common-mode gain follows from the 
common-emitter representation of the reaction of input impedance with 
source impedance, along with a feedthrough effect of the collector-base 
capacitance. Common-mode input capacitance is composed of a 
Miller-effect equivalent of the two collector capacitances. Because of 
the low gain of the common-mode circuit, the Miller multiplication is 
correspondingly small. However, the effect of the emitter-base capaci- 
tance C,» is again negligible since it bypasses only r, whereas the Miller 
capacitance bypasses the much larger Rcm as well. Since the two transis- 
tors of the stage are essentially in parallel, as described above, their 
input capacitances add. Paralleling the result of Sec. 1.2, common- 
mode input capacitance is 


L. 
cm = 2 aa 
C, (: a) 
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Fig.1.17. A pi model of the common-mode signal equivalent circuit 
for a bipolar transistor differential stage. 


where 
__ Ro 
” 2+ jwRoC, 
Typically Z.<« 2Rcm and 
Ciem = 2C, 2 6 pF (1-33) 


The feedback effect of the collector-base capacitance above is small 
for the low common-mode gain, but the feedthrough effect from input 
to output becomes appreciable, as the output swing is far less than the 
input swing. Referring to the common-mode-circuit pi model of Fig. 
1.17, an input signal which is large compared with the output signal 
will result in a large feedthrough current from input to output through 
the capacitance 2C,. This effect is the reverse of the feedback current 
which flows in C, when the output signal is much greater than that at 
the input. From the Sec. 1.2 derivation of the Miller-effect equivalent 
circuit, the current in 2C, will be 


I= 2(Bicm — Eyem)JoCe 


An equivalent representation of this feedthrough current in the two 
parallel collector capacitances will be a current generator 2EjcyjoCe 
and a capacitor 2C, across the output. The resulting differential-stage 
model for common-mode signals is shown in Fig. 1.18. Common- 
mode gain for the typical case is 


Re 1 + 2jwRemuC, 


Aaunjo) = = - — 
(jw) 2Rom (1 + jwRaC.)(1 + joRoC.) 


R 
for Riem > a Ro <r(1 — a) (1-84) 
Examination of the above gain expression reveals that common-mode 
gain increases with increasing frequency, because of C, feedthrough 
until shunting effects become significant, as represented in Fig. 1.19. 
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R,/2 


if Ro << Clee 


"ow (eaeR,, 
CM r teBRuy 
Fig. 1.18 Common-mode equivalent circuit for a balanced bipolar transistor dif- 
ferential stage. 


The complete model for a differential stage is formed by combining the 
differential signal and common-mode signal models of Figs. 1.10 and 
1.18, respectively. With the two sides of the stage separated, the 
complete model is given in Fig. 1.20. For general analysis, the separate 
differential and common-mode models are easier to use, but the complete 
model represents the interaction of the common-mode signal with the 
differential circuit unbalances. 

Common-mode behavior of an FET differential stage is represented in 
a manner similar to that used with the bipolar stage by considering the 
equivalent circuit of Fig. 1.21. The equivalent circuit results from 
considering the two common-source FETs of the stage connected in 


SHUNTING 
EFFECT 


Re 
20 log oR 
om FEEDTHROUGH EFFECT 


Fig. 1.19 Common-mode gain Bode plot showing the feedthrough and 
shunting effects of Cg. 
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Fig. 1.20 Bipolar transistor differential-stage model including differential and 
common-mode signal equivalent circuitry. 


parallel with a common input and a common output. The common- 
source expressions used in the preceding sections apply directly to this 
circuit. In this common-mode case, input signals fall primarily upon 
the large common-mode biasing resistor Rom, resulting in only small 
stage current changes. Input resistance is, then, boosted by the gain 
degeneration of Rom, modifying the result of Eq. (1-10) to 


l'gs 
Riem = i (1 +- 2:sRom) for lgs > Rem Yds > Rp (1-35) 


In practice, input resistance is limited by de leakages of the FET surface 
and the package to around 1012 Q, and the extreme levels predicted 
by the last expression are not achieved. Output resistance for the 


Fig. 1.21 Balanced FET-stage 
common-mode equivalent cir- 
cuit. 
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parallel-connected common-mode equivalent is similarly improved by 
Rom. In this case 


lds 


Roem = o (1 + gesRom) for fgg >> Rae + Rom Pras >> 1 (1-36) 


Since the common-mode signal drops across Rom, the gain is far less than 
that resulting from differential signals impressed upon the gate-source 
junctions and the source resistors. 


Rp 


A cm = 
. 2Rom 


if rg, >> Rp Tgs >> Re + Rs + 2Rom 
2g%sRcom > 1 (1-37) 


The common-mode frequency response of an FET differential stage 
resembles that of the bipolar transistor stage, being primarily limited by 
the gate-drain capacitance. With the very low common-mode gain, 
Miller multiplication of Cgq is small. However, the entire input voltage 
signal appears upon Cga, whereas only that small portion of the signal 
appearing from gate to source falls across C,s. The relative shunting. 
effects of the two capacitors are apparent from the resulting input 
currents. 

Ty = Eiem JwCea due to Cea 


Hie ‘ 
I, = Cx due to C,, 
: 21sRom pone 


For Cy, ~ 2Cga, In & Ih. 

Common-mode input capacitance is, therefore, essentially due to Cga 
and, for low common-mode gain, is approximated by the two FET gate- 
drain capacitances in parallel. 


Crem = 2Cza £ 6 pF (1-38) 


Note that common-mode input capacitance is much lower than encoun- 
tered previously for differential signals. Comparing the two, 


As a result, shunting of the high FET impedance isolation by input 
capacitance is greatly reduced when an FET operational amplifier is 
operated in the noninverting mode. 

The gate-drain capacitance shapes the FET-stage common-mode 
frequency response by its input-to-output feedthrough and by its shunting 
of signal source and load resistances. As in the bipolar transistor case, 
these effects can be represented by a feedthrough output current generator 
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Fig. 1.22 Common-mode equivalent circuit fora balanced FET differential stage. 


and by shunt capacitors across the input and output circuits. With a 
feedthrough signal voltage equal to Eien the current generator will be 
2Eiemj@Cea. Combining this current, the input capacitance already 
discussed, and the load shunting equivalent capacitance with the low- 
frequency common-mode characteristics provides the model of Fig. 1.22. 
From this model the common-mode response is described by 


3 Rp 1 + 2jwRomCega Re 

Aes = — ; ‘ ii R cm > 
Ge) hee (4 jah.) eRe: ee 

Tas >> Rp Tes >> Re + Rg + 2Recm 22:;Rom > 1 (1-39) 


Again the common-mode gain initially increases with increasing frequency 
because of feedthrough on the gate-drain capacitance. The resulting 
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Fig. 1.23 FET differential-stage model including differential and common-mode 
equivalent circuits. 
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response curve is similar to that of Fig. 1.19. Combining the character- 
istics of the differential signal and common-mode signal models of Figs. 
1.14 and 1.22, the complete model of an FET differential stage is shown in 
Fig. 1.23. 


1.4 Differential-stage Unbalances and 
Common-mode Rejection 


In the preceding section the common-mode behavior of a differential stage 
was considered under the assumption that the stage was perfectly 
balanced. For that case common-mode input signals produced only a 
common-mode signal at the outputs. 

The unbalances in a differential stage are the sources of differential 
output error voltages resulting with common-mode input voltage swing. 
Mismatches in emitter-base junctions, emitter or collector resistors, betas, 
signal source resistances, output resistances, and collector capacitances 
all create these differential error voltages in a bipolar transistor stage. 
Rather than consider all these unbalances together, a far more manage- 
able solution results by considering the typical case of small mismatches 
for which the interaction of the different unbalances is a second-order 
effect. The different unbalances may then be considered separately. 
Considering first the differences in emitter-base junctions and in emitter 
resistors, these unbalances cause unequal division of the common-mode 
current between the two halves of the differential stage. In Fig. 1.24 
common-mode current I... is divided into emitter currents I., and Ie. 
Note that the emitter-base junction mismatch is represented in terms of 
the difference in junction forward dynamic resistances Ar,.. The output 
error voltage Eoa 1s 


Eoa ne Eo = Eo2 = —a(Te1 aes Teo) Re = — (Tex = T.2) Re 
with 
AR. R. 

I, = {1 I, CL 9 Se eee Le e — e 

( +e) OR aR ae 
and 

Co Bie for Rom > R. + Re 
Rem l—a 


Combining the above four relationshins gives 


Eo1 — Eoo , AR 
=7 - = Aocm due to ARg and Ar, for Re > ARe 


Considering next unequal source resistances or transistor betas, differ- 
ential input error signals are developed by base current changes occurring 
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Fig. 1.24 Equivalent circuit of 
a bipolar transistor differential 
stage with unbalanced emitter 
resistances. 


with common-mode voltage signals. Represented in Fig. 1.25, the error 
voltage E;. is developed by either the source resistance or base current 
mismatch indicated. Appearing directly at the stage inputs with no 
additional intervening source resistance, the differential error is amplified 
by a gain of 


For unbalanced source resistances alone, the common-mode generated 
output error is 
R 
Bor — Eor = AQEic = =~ Ip ARe 
R. 
Since the common-mode input signal is essentially across Rom, the base 
current signal which results is 


and the output error is related by 


Ko1 ae Koo es ARe 


E., = BR. Aoem due e ARe 
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If the transistor betas are mismatched, the base current differential Als 
shown in the figure results. It may be approximated by 


Kiem AB ; 
Al, = Ini — Ibo = — f 
b bl b2 8Rou B ui AB< 8B 


The flow of this differential current in equal source resistances creates 
the following output error: 


; R 
For — Exe = ASE. = = AI,Re 


e 


Eo1 — Eoo Re AB 
E.. = BR. B O due to AB 


Unequal output resistances cause additional common-mode error. 
For bipolar transistor differential stages, the transistor output resistance 
is typically far greater than the load resistance and does not greatly 
lower stage gain. However, when considering common-mode error 
terms, a high degree of match is important between the gains the two 
transistors present to common-mode input voltages. In the case of 


v_© 


Fig. 1.25 Differential stage showing input error voltage 
resulting from unbalanced source resistances or unequal base 
currents. 
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the balanced stage discussed previously, the gains are identical, resulting 
in equal outputs and a common-mode output voltage only. Thus, 
Hoot Reo = Koi = Koo 


= Aoem 


Kiem —— 2Rcm Eiiera Bitein 


From this relationship, the effect of unbalanced collector loads can be 
seen: 
Koi == Eoo = ARc 


— 


Eiem = 2Rom 


due to ARc 


The effect of finite output impedance appears in loading on the equivalent 
output current generator, as represented in Fig. 1.26a. This model is 
derived from Fig. 1.20 for Re + BRe << ®8Rcm. The resulting unequal 
gains again create an error voltage as expressed by 


E._-E - - Sate( Ro + ARo _ Ro ) 
i ie 2Rom \Ro + ARo + Rc Ro + Re 


For Ro > ARo + Re, 


Ko ae Koo ae ARo 
em Ro 


A final source of error to be examined is that of mismatched collector- 
base capacitances in the differential-stage transistors. These create 
unequal feedthrough currents from the common-mode input signal to 
the output. The result is a differential output error signal which may 
be considered by using the feedthrough current representation of Fig. 
1.20, as repeated in Fig. 1.26b for Re + BR. K Rem. 


Aoem due to ARo 


Boi — 
Dee 


= jwRc AC, due to AC, 


coe 
(a) | (b) 


Fig. 1.26 Equivalent circuit for common-mode effects of unbalanced (a) output 
resistances and (b) collector-base capacitances. 
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In general, this capacitance unbalance is the major source of high- 
frequency output error from common-mode signals. 

Summarizing the output voltages resulting from input common-mode 
voltage, the output common-mode and differential relationships are 
expressed below: 


Bose : 1 + jw2RomCe 
= Aoem 


Acm(jw) = (1 + joRcC.) (1 + joRgC.) 
(jw) Eiem (1 +- jwRcC,) (1 -- jwRegC.) 


Ro 


A cm = — 
2Rem 


(1-34) 


Since the unbalances may each be either of two directions, each effect 
may add to or subtract from the others. 


(= a ABRe« 4 ARe s ARc i =) 
R. B?R. BRe Re Ro 
+ jwRe AC, (1-40) 


Each term in this expression identifies the source of its common-mode 
error component by the differential of its numerator. Comparison of 
the above two expressions indicates that the low-frequency differential 
and common-mode output error terms are related by the degree of 
unbalance. 


at de 


Boa Boom fARe _ ABRa | ARa | ARc Ae) 
= + 1 +: + + 
Hien  —~— Kiem & ~ BPR. ~~ BRe ~~ Reo ~ Ro 


For the unbalances generally encountered above, the resulting differential 
output error terms are a small fraction of the common-mode output 
error. If a differential output is taken from the stage, only this smaller 
error term represents a direct error to the amplified differential input 
signal. In this case the error voltage common to the output terminals 
is a common-mode signal presented to the load or following stage, and 
its associated signal error is determined by the common-mode signal 
sensitivity of such a load or stage. When a single-ended output refer- 
enced to common is taken from the stage, the output error voltage 
added to the amplified input signal consists of both the differential and 
common-mode output error components referred to above. A common- 
mode gain for each case is then defined in terms of the above error 
voltages included in the output signal. For a differential output, 


ee ee (= es ABRe {i ARe ih ARc i =) 


R. 7 B?R. 7 BRe 7 Re - Ro 
+ jwRo AC, (1-41) 
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For a single-ended output, 


A 7 Boi = | Acma Bassi 
Cane Biem 7 Bicem 2 Kiem 
Ams = Aoom =e ee 


(1 + jwRcC.)(1 + jwReC.) 


(1-42) 


Comparison of the differential and common-mode gain expressions 
reveals a key feature of the differential stage. This feature is expressed 
by the common-mode rejection ratio (CMRR) in terms of the ratio of 
differential gain to common-mode gain. For a single-ended output, 


Ao .  2Rom 
Acme Re + Re/8 


In general, the common-mode biasing resistor Rom is much larger than 
the emitter resistance R,, or Rg/S. The differential gain is, then, 
much greater than the common-mode gain, permitting an output signal 
due primarily to the differential input signal, as expressed by the com- 
-mon-mode rejection ratio. Voltages common to the two inputs, such 
as those resulting from noise, or ground loop currents are thereby rejected. 
A high degree of improvement in common-mode rejection is achieved 
with a differential output as expressed for low frequency by 


Ao : 2Rem 


CMRR, = at low frequency (1-48) 


1 


AR./R. 4 ApRo/#R. £ ARe/BR. £ ARo/Ro  ARo/Ro (AY) 


Comparing the signal-ended and differential output cases, 


CMRR, _ AR. ae ABRe i ARe 4. ARc 4: ARo 
CMRR, R.~ BR.  BR.e~ Re ~ Ro 


at low frequency 


As this expression indicates, common-mode rejection is far greater for a 
differential output than that achieved with a single-ended output. 
Circuit unbalances in the basic FET differential stage of Fig. 1.27 
give rise to similar differential output sensitivities to common-mode 
input voltage. Differential output errors are caused by mismatched 
source or drain resistors, forward transconductances, signal source resis- 
tances, output resistances, gate leakage currents, and gate-drain capaci- 
tances. Having a close parallel to the bipolar transistor case, the effects 
of FET-stage unbalances are drawn from the preceding analysis by 
considering the similar stage models of Figs. 1.20 and 1.23. Unbalanced 
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Fig. 1.27 Basic FET differential stage with a common-mode 
input signal. 


source resistors and forward transconductances divide the common-mode 
current unequally between the two sides of the stage, as did the mis- 
matched emitter resistors and emitter-base junctions in the bipolar 
case. The resulting output is expressed by 


Eo1 — Ko ARs + 1/Agés 
= Aoem due to AR d Ags 
Hiem Rs + 1/Zts Pee ike 


As before, unequal load or output resistances mismatch the gains received 
by the common-mode signal on the two sides of the stage. 


Eo1 — Koe ARp 


= — due to AR 
Bien 2Rem renee . 


Output resistance unbalance and its voltage sensitivity are commonly the 
major sources of FET-stage sensitivity to common-mode voltage. Being 
relatively low, 300 kQ, the output resistance of a typical FET stage pre- 
sents a noticeable shunt to gain. Output resistance mismatches, then, 
have greater effect on the gain balance than that encountered with bipolar 
transistors. In addition, FET output resistance is fairly sensitive to the 
drain-source voltage, becoming significantly smaller at low voltages. As 
common-mode voltage swing lowers Ves, the gain shunting by output 
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resistance and the accompanying effect on gain balance increase. The 
output error is described by | 
Eo eae Koo ARo 


Ein = Ro Aoem due to ARo 


Unbalanced gate-drain capacitances result in different feedthrough cur- 
rents in the same manner as did mismatched collector-base capacitances. 


Ko a K. : 
ee = joRp ACga due to ACga 


Common-mode signal sensitivities resulting from differences in signal © 
source resistances or gate leakage currents are due to the voltage sensitiv- 
ity of the gate leakage current. A common-mode input voltage creates 
a direct change in gate-drain voltage, causing gate leakage current varia- 
tion. For silicon FETs the reverse-biased junction leakage comprising 
the gate leakage current is very poorly described by the well-known 
junction equation. Formed essentially by thermal generation of carriers 
in the junction space charge layer, the leakage current is proportional 
to the volume of that layer. Depending upon the junction doping gradient, 
the space charge layer volume is proportional to the square root or cube 
root of the reverse-biasing voltage.4 Since the gate-drain signal voltage 
is commonly far greater than the gate-source signal voltage, the former 
will primarily determine the signal-dependent gate leakage current. As 
an approximation, 


Ig ~VvV Ven (1-45) 
and the leakage current signal resulting from common-mode voltage will 
be 

I, = In VEiem 
where I, is the input bias current or static gate leakage current of the 


FET. Similarly, a differential between the gate leakage currents, the 
input offset current, develops a differential input signal current. 


Al, = Ios WV Elem 


As analyzed for the bipolar transistor case, flow of the input current in 
unequal signal source resistances produces an error voltage between the 
stage inputs. This error is amplified by the differential gain of the stage 
as indicated in 


Eo — Eo: = I, ARGAo = Ip ARcAo V Eiem 
Eo1 —— Koo = Iz ARcgAo 


d 
En, i _ ue to ARg 
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A similar error results from the input voltage produced by unequal gate 
currents in the signal source resistances as given by 


Kor — Eo IogRcA 
BOs ee ee due to Ios 


E icm VE icm 


Combining the preceding terms results in the complete expression 
describing the common-mode signal sensitivity of an FET differential 
stage due to circuit unbalances. 


Bo1 — Eos Cr + 1/ Agts ARp =) 
Se ee Ae ee 
Bien Rs + 1/gts Rp Ro 
A 
qe (1 ARG TosRey a joke ACd Ce46) 
V Eiem 

where 

Aoem al ee 

2Rom 


Individual unbalances are identified in the above by the differentials, 
except for Ios which represents a differential current. The first series of 
terms indicates sensitivities proportional to the fractional unbalances. 
To consider separately common-mode rejection in terms of error sources 
significant for differential and single-ended loading of the stage, a com- 
mon-mode gain is expressed for each case. With differential loading, 
only the differential output error signal directly adds to the amplified 
signal and, from Eq. (1-46), 


Rete tee (AR , ARD | a 


Rg + 1/gis ~ Ro ~ Ro 


A 
f= GG ARa gee) joke 14) 
WV Eiiem ‘ 


For a single-ended output, both the differential and common-mode output 
error voltages add to the output signal. Common-mode gain of the 
balanced stage of Sec. 1.3 identifies the common-mode output term. 


1 + 2] wRomCea 


Acu (jo) = Aoem 77 BG RG) 
om (jo) : (1 + joReCea) (1 + JoRdCega) 


(1-39) 


Under conditions of small circuit unbalances, the common-mode output 
established by the above gain will be much greater than the differential 
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output defined in Eq. (1-46). 


Bo = Eoe een Hig 

Acms oe a ee en = 
2 Hiem - icin Kiem 

1 + 2jwRomCea 


(1 + joReCea) (1 + JwRoCga) 
Low-frequency common-mode rejection is defined by dividing the de por- 


tions of the above common-mode gains into the low-frequency differential 
gain from Sec. 1.1: 


ie = Aoem (1-48) 


—2:,Rp 
Ao = —— 1-9 
© 1+ gsRs ve 
CMRR, = eicRon at low frequency — (1-49) 
1 + gi:Rs 


As mentioned, the differential output case is much less sensitive to com- 
mon-mode signals having a common-mode rejection of 


CMRRa 
1 
1+ gsRg ee + 1/Ags. ARp it oe) i Ip ARe + IosRe 
2gsRom \ Rs +1/gis ~ Ro ~ Ro/ — V/ Eiem | 
(1-50) 


at low frequency. 

Because of the low and variable output resistance of an FET differential 
stage, its differentially loaded common-mode rejection ratio is typically 
an order of magnitude lower than that attained with a bipolar transistor 
stage. When a resistor is used for common-mode bias as considered, the 
rejection ratios are of the order of 10:1 and 100:1. Use of a transistor 
current source for biasing greatly improves common-mode rejection as 
covered in the next section. The FET-stage common-mode rejection 
is far less sensitive to signal source resistance and will be superior for 
resistances above about 50 kQ. 


1.5 Differential-stage Design and 
Specialized Differential Stages 


In the design of a differential stage the interrelationships or various 
performance characteristics are considered. As a guide in the use of this 
book for differential-stage design, those basic characteristics affected by 
each design decision are identified in this section, with references to indi- 
vidual detailed discussions in other sections of the book. In the course of 
selecting the elements of the stage, compromises are made between gain 
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and bandwidth, input bias current and slewing rate, common-mode 
rejection and component matching tolerances, and so forth. Additional 
circuitry which may be used to improve certain operating characteristics 
without significantly disturbing others is considered to avoid some of the 
design compromises. Characteristics considered in design include gain, 
bandwidth, input impedance, common-mode signal range and rejection, 
input currents and offset voltage, thermal drifts, slewing rate, and noise. 

For discussion purposes, the elementary stages of Fig. 1.28 are used. 
In the bipolar transistor stage, the current level Ic is chosen to limit the 
input bias currents Ig while also providing sufficient output current and 
slewing rate. Being the base currents of the transistors, input bias 
currents are directly proportional to the collector current level. Flow of 
these base currents in unequal source resistances creates an input error 
voltage, as does the difference current, or input offset current, in matched 
signal source resistances. These currents have strong temperature 
dependences which are described more fully in Chapter 2. When drawn 
from a preceding differential-stage output, the input currents and their 
temperature sensitivities cause drift in the loaded stage, as will be covered 
in Chapter 4. For an FET stage, the drain current Ip is most commonly 
set at its zero temperature coefficient level. Minimum input voltage 
drift is achieved when the FETs are biased at this current level, as will be 
discussed in the next chapter. 

Directly related to the stage current level are sensitivity to output 
current and slewing rate under capacitive load. The small unbalances 
between output currents considered in Chapter 4 produce sizable voltage 


Fig. 1.28 Elementary differential stages. 
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offsets and drifts between the stage inputs. When driving a capacitive 
load, as in the case of phase-compensated stages in Chapter 5, the rate of 
change of output voltage is limited by the current available to charge the 
capacitor. The current available is commonly the sum of the first-stage 
collector currents since the input signal can shift the total stage current 
to one side for charging the capacitor. Thus, the slewing rate of the 
bipolar transistor stage output is limited to 


de, 2Ic 


dt Cc 


where C is the capacitance load of the stage. By using the above 
expression, with consideration for sensitivity to output current, the collec- 
tor current level can be chosen to minimize the input bias current, input 
offset current, and their drifts within the limits imposed by slewing rate 
requirements. When considering large ranges of collector current level, 
the effect of this current upon small-signal response may become a factor 
in the above compromise, since the required value of frequency compensa- 
tion capacitor may vary with the current level. With the inputs at 0 V, 
the stage current level will be 


_ 1Vsz + Vre + V- 
2 Rem 


Ic = 


or 


= _ 1Ves + Vrs + V- 
2 Rem 

Once current levels are chosen, resistances define voltage biases. Col- 
lector resistors Rc or drain resistors Rp are chosen to provide the desired 
gain and output de level within the bias limits needed for common-mode 
voltage swing. As defined by Eqs. (1-2) and (1-9), stage gain is propor- 
tional to the values of the collector or drain resistors. Emitter or source 
degeneration resistors, Rx or Rg, stabilize the referenced gains by decreas- 
ing sensitivities to variations in dynamic emitter resistance r, or trans- 
conductance g;,. Both r, and g;, change with temperature, and a wide 
range of transconductances is found among FETs. In addition, the 
emitter resistor is significant in increasing differential input resistance 
defined in Eq. (1-4). With the establishment of the stage current in 
choosing Rcm above, selection of a load resistor, Rc or Rp, fixes the output 
de level Eo. For the stages shown, positive common-mode voltage 
swings decrease the collector-base or gate-drain voltages, and saturation 
limits the input common-mode voltage range. Unsaturated operation is 
ensured for collector-base voltages above zero or for a minimum gate- 
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drain voltage defined as Vg in the equation that follows. The positive 
common-mode voltage limit will be 


2Rom Vi. + Rc(Vse + Vre + V3) 
2Rcom + Re 


(Ercm+) max — 


for the bipolar input stage or 


2Rem + Rp 


(Exc ita) mies es 


for the FET stage. Negative common-mode input swing on the illus- 
trated stages is limited by the accompanying decrease in the stage 
current. By using a transistor current source to set current level, as will 
be described, the variation of collector or drain current with common- 
mode swing is greatly reduced and larger common-mode ranges are 
attained. 

Matching the characteristics of the components of one side of the stage 
to those of corresponding elements on the opposite side improves common- 
mode rejection and decreases thermal drifts. In the preceding section 
common-mode errors due to unbalances in resistors and device character- 
istics were detailed. Lower input offset voltages and related thermal 
drifts to be discussed in the next chapter are achieved by matching bipolar 
transistor emitter-base voltages or by using FETs with equal de param- 
eters. For reduced input offset currents and drifts, equal bipolar tran- 
sistor betas or FET gate leakage currents are chosen, as also discussed in 
Chapter 2. Noise performance considerations given in that chapter also 
dictate careful choice of transistors. 

As discussed in Sec. 1.4, signal sensitivity to common-mode input 
voltages is decreased by the high resistance of the common-mode biasing 
resistor Rom. Common-mode rejection (CMR) ratios derived there were 
shown to be proportional to this resistance. A significant improvement 
in CMR can be made by replacing the common-mode biasing resistor 
with a transistor current source as shown in Fig. 1.29. With the voltage 
divider base bias, as shown, a fixed voltage is established on the current 
source emitter resistor Rg to create a constant output current defined by 


I - << (A -v ) 
CM — Rr R, a R» BE 


The dynamic output resistance of a bipolar transistor provides common- 
mode resistance of the 10-MQ level for two orders of magnitude increase in 
CMRR with the typical differential stage. To maximize the current 
source output resistance, the resistance at the transistor base, Rp, should 
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Fig.1.29 Current-source-biased 
differential stage. 


be low, as indicated .in the common-emitter output resistance expression 
from Sec. 1.1. 


Row = Ro + rE 2 19 Ma for 8 > 1 | and Re K fe 
At higher frequencies the output resistance of the current source is 
bypassed by its collector-base capacitance, as was the differential-stage 
output resistance considered in Sec. 1.2. From this previous analysis, the 
equivalent output capacitance of the single current source transistor is 
twice that of the differential stage composed of two series-connected 
transistors. From Eq. (1-21) | 


t R. + Rs 
Co = C. — 
. R. + Rz/8 
The output impedance will have a pole at 
1 1 


I 5kHz 


fo pees a 
. 2tRoCo = 2a -C, 


To avoid extremely low common-mode impedances at high frequencies, a 
resistor Roy is added in series with the current source output, providing 
R. + Rs/f 1 


Zou = Roy + re —____ 1-51 
i om FT R. + Rs 1 + jor.C, ( BH) 


Differential Amplifier Stage Signal Characteristics 43 


With a transistor current source, common-mode rejection ratios of 
50,000:1 and 2,000:1 are commonly achieved for differential and single- 
ended output bipolar stages, respectively. Analogous ratios for FET 
stages are of the order of 1,000:1 and 500:1. Common-mode input 
resistance is also improved by the high common-mode resistance provided 
by a transistor current source. For this case input resistance is limited 
only by the input transistor collector-base feedback presented by ry. 
From Eq. (1-27), 


I. Te 
Ries = > for Rom > B 


at low current levels, Rien above can reach 108. In general, the input 
differential stage of an operational amplifier includes a transistor current 
source. 

Even further improvement in common-mode rejection of a differential 
stage is attained with common-mode feedback. Being the ratio of differ- 
ential gain to common-mode gain, CMR is increased by feedback which 
reduces common-mode gain. Each of the common-mode gain expressions 
for unbalanced stages defined in the preceding section is proportional to 
the balanced stage common-mode gain. 


ieee or Acm = — = 
Rox ee 2Rom 


Considering the bipolar transistor case, Fig. 1.30 represents a differential 
stage with common-mode feedback to its biasing current source. At the 
junction of the second-stage emitters the signal is essentially the common- 
mode output of the first stage for Ri + Re >re. A resulting signal in 
the current source base bias which creates a current change is indicated. 
This feedback signal current opposes that developed by the input 
common-mode voltage across the current source output resistance Roem. 
For R3 > rez and Rom > Re + rex the resulting current is as shown in the 
diagram, and one-half of this signal will flow in each collector load. Since 
the collector resistors are shunted by the second-stage input resistance, 
the load resistance seen by each collector is 


Ri = Rel|/Rieme = Ro|/B(Ri + Re) for Re < BR; 
and the common-mode gain is 


Bln Ry (Rr + RRs 
Biem 2Rom RiRs + ReRs + ReRx 
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Fig. 1.30 Differential stage with common-mode feedback to its 
current source. 


Expressing the above in terms of the gains resulting with and without 
feedback displays the degree of improvement. For Agy the gain with 
feedback is 


Acm 
N= 1-52 
1 + BR2/Rs ( 
where 
Ri 
Acm a 
2Rem 


A factor of 3 reduction in common-mode gain is commonly achieved with 
the described feedback. | 

Cascode biasing applied to a differential stage provides improved 
common-mode rejection and lower input leakage current along with 
decreased input capacitance and greater bandwidth. Bipolar transistor 
cascode biasing of an FET differential stage is shown in Fig. 1.31. By 
means of a constant current source and a small resistor Rx, the cascode 
transistor bases are referenced to the FET sources. The emitter-follower 
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cascode transistors then set the drain voltages at a fixed level above the 
voltage at the sources. Signal currents in the FETs produce very small 
gate-drain voltage changes, as the load resistance presented to the drain 
is the emitter follower output resistance re + Rp/@. 


Ved eo 2 ts (Te = Rs/B8) z 1 
EK; 1 + grsRs 


Instead, the output signal swing occurs on the collector-base junctions of 
the cascode transistors which transmit the signal current to the load 
resistor Rc. For a transistor alpha near unity the signal current is 
essentially all transmitted and the de voltage gain will be the same as that 
achieved with the conventional stage. To prevent input common-mode 
voltage swing from affecting the cascode circuit, it is biased from a 
common-mode point, which is the junction of the FET source resistors in 
this case. When both inputs are shifted by a common-mode input signal, 
the sources follow the inputs forcing the cascode bias and FET drains to 
track the common-mode signal at the gates. For Rou > Rs + 1/g1; and 
Rg < Sras the drain voltage follows the gate common-mode voltage 
exactly. 

Differential input capacitance of the cascoded circuit is greatly reduced 
by elimination of Miller-effect multiplication and greater bandwidth 


Fig. 1.31 Cascode-biased dif- 
ferential stage. 
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~ results. With only the reduced signal across the gate-drain capacitance 
it shunts only a negligible current from the input as given by 


I= (1 = is(Te + Re /B) 


| E; /2 
1 + g.Rs ) aCe / 


Gate-source capacitance is now one major component of differential input 
capacitance as represented in the analysis model of Fig. 1.32. For 
1 + grRg ) 


/ &s joCgs jw gd 


Since r,s rarely presents a shunt to typical signal source resistance levels, 
it may be neglected in the above to simplify the differential input capac- 
itance expression. 


r= (20 +2 


Cy = oe + ee eee = 
2 2(1 + g13Rsg) 
In Sec. 1.2 the differential input capacitance was identified as a major 
bandwidth limitation for nonzero signal source resistance. Input capac- 
itance shunting of the signal source by a cascoded stage is characterized 
by a higher pole frequency. 


opi (1-53) 


— 1 
> Wn (2Re) Cx 


A second pole is added to the stage response by the collector-base capac- 
itances of the cascode transistors. In biasing these transistors, the base 
bias resistance level is chosen to be small so that C, bypasses the load 


|. ~wjwCgqEj/2 


1+q45 Ro>>te + Rg/B rds >>te t Rg /B 


Fig. 1.32 Differential input capacitance analysis model of Fig. 1.31. 
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resistor to a low impedance point. A resulting time constant is, then, 
RcC,, and the pole frequency is 
1 
i 
2rRcC, 


Bypass of the cascode emitter by its own capacitance and C,, creates a 
negligible pole at much higher frequency than the above because of the 
low resistance at the emitter. Combining the input capacitance and 
collector capacitance poles with the low-frequency gain from Eq. (1-9) 
yields the response of the cascode stage. 


Ao 
A = le ee nat Gee a eo ems Et ps een eee =: 4 
Ue) (1 + 2jwReCr)(1 + jwRcC,) oe 
ix gisRc a 
a een a aes fora =1 Tes > Re + Rs 


Common-mode rejection and gate leakage current are also improved 
by cascode bias. Lower gate leakage current results from the lower gate- 
drain bias voltage permitted by the cascode circuit. Since signal swing 
is absorbed by the cascode transistors, the large gate-drain voltage bias 
normally required to permit common-mode swing is unnecessary. In 
addition, the elimination of common-mode swing across the FET output 
resistance and gate-drain capacitance greatly improves common-mode 
rejection. As discussed in the preceding section, the low and voltage- 
sensitive output resistance of junction FETS is the major source of 
common-mode error in FET differential stages. A factor of about 
20 higher output resistance is presented to the common-mode swing by 
the bipolar cascode transistors, and from Eq. (1-7) for a low resistance 
base bias the output resistance is 


Ro = 2re = 20 MQ 


With no gate-drain swing the previous common-mode errors resulting 
from gate leakage currents, signal source resistances, and gate-drain 
capacitances do not occur. Each of these errors results from input or 
output currents generated by gate-drain voltage swing. 

By using the high dynamic output resistance of a transistor current 
source as a load, much higher voltage gain is achieved in a differential 
stage. Such a dynamic load is shown as Q; in Fig. 1.33a. Dynamic 
load resistances up to 10 MQ are provided by the transistor without the 
large load bias voltage drop which would result from a resistor of this size. 
Being the junction of two collectors, the output bias voltage is not rigidly 
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Fig. 1.33 (a) High-gain differential stage using a dynamic load and (b) 
differential gain analysis circuit. | 


fixed and will be established by the de level of the load. Gain is further 
boosted in the circuit by the signal drive applied to the load transistor 
base; thus the voltage gains of all three transistors contribute to the stage 
gain. Neglecting common-mode bias for the differential gain analysis 
and considering one-half the input signal applied to each input, the analy- 
sis circuit of Fig. 1.33b results. From this circuit 


EK; —KE; 
E, = As" + AiAs ; : 
Eo 1 
Be = (A, — AjAs) 


Solving for the voltage gain of Q» first, the exact common-emitter gain 
expression used in Eq. (1-1) is needed since the load resistance is com- 
parable to the transistor output resistance. In this case 


as aRcele 


a 
°° Re(Reoz + re) + RolRoz + re(1 — @)] 


To simplify the overall gain result, the same 8, a, and r, will be used for 
_ the three transistors. Load resistance Roz seen by Q2 is the output resis- 
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tance of Q; as described by the common-emitter expression used for 
Eq. (1-5). 
Res + Re3(1 —_ a) 
Ree = Ros = le ——=— —__ forr,>R 
= si Res an Res = 

Since the exact gain equation is sensitive to the magnitude of a, this last 
output resistance expression does not approximate 1 — a as 1/6, as done 
in Eq. (1-5). For Q3, Res = Re +res A R, and Res = RE +r = R, 
since the diode forward resistance equals the dynamic emitter resistance 
for equal current levels. Then, 


2 Peso' 
Ror = re —s— > re(1 — a) 


and 
a oa — are 
Re AR (a 4) Ga 4) 
=e 
Wigs Sees Ppt 
02 Re in 3R. ora 


Voltage gain provided by driving the load transistor base, AiA3, is 
defined by using the simplified gain expression for A; and the exact 
equation for A3. Since the load resistance presented to Qi, R, for 6 > 1, 
is small compared with r.(1 — a), the simplified common-emitter gain 
result used in Eq. (1-2) applies. 


aay? 
Aoi = = for Rj <r.(1 — 
a R. + Re/B Cee ) 
To solve for the gain of Qs, 
—aReosrc 
Aos 


Re, ot) ae Rees a) 


For Q3, Res = R, and the load resistance Rc; is the output resistance 


of Qo. 


Re + Re(1 — a) 
Res = Roz = fe ———— for r, > R 
- R, an Re : 
Combining the last two expressions, the gain reduces to 
re aR. =“ a*Rae/B 


Agee 
id R, (4 — a)Re + (4 = 3a)Re¢ 

For the-terms above containing a directly it is reasonable to assume 
a = 1, for which 

Tec R. + Re/8 


Reeeess fe 
a R’ 3R. + Re 
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Substituting the gain results above for the three transistors in the overall 
gain equation 
A — 14 (Ae i= A1A3) 


provides the final expression: 


—TY, 
Ao 


 @Rece Ry 


Voltage gains as high as 10,000 are possible with this stage as evidenced 
by the gain approximation for low source resistance. 


(1-55) 


Ve 


~ 8R. 


Maintaining this high gain will require isolation of the high resistance 
stage output from lower impedance loads. Resistance at the stage output 
is the parallel-combination of those found above for Q2 and Q3. 

Re = Re /8 


\ = ft ——— 1- 
Ro r 8R. + Re (1-56) 


Ao = for Re K 3R- 
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INPUT ERROR SIGNALS 
AND THERMAL DRIFTS 
OF A DIFFERENTIAL 
STAGE 


Error signals limiting the signal sensitivity of a differential stage result 
from dec bias and noise. Representing these signals as equivalent 
input error signals are the input offset voltage, input bias currents, 
input offset current, input noise voltage, and input noise currents of a 
differential stage. Thermal dependence of bias characteristics makes 
the de error signals drift with temperature so that error compensation 
is difficult. For direct-coupled (DC) amplifiers, however, the differ- 
ential stage offers significant reduction in input bias voltage and asso- 
ciated drift over the common-emitter or common-source stage. This is 
due to the fact that, although input voltages to common-emitter or 
common-source transistors must include the emitter-base or gate- 
source voltage bias, these biases are balanced by those of a second 
transistor in differential stages. Because of this balancing action only 
the differential bias voltage and bias voltage drift must be supplied as 
a DC input to establish the desired output quiescent level. The quiescent 
output of a differential stage is defined for zero voltage between the 
two output terminals, as is established by applying the input offset 
voltage between the inputs to supply the differential bias voltage. 
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Since it is required for biasing, the input offset voltage and its thermal 
drift present input error voltages to de signals. These errors are reduced 
by matching emitter-base or gate-source voltages on the two sides of 
the stage and also through compensating circuit adjustments as described 
in the following sections. Additional input error voltage results from 
the flow of DC input bias currents in signal source resistances. In 
this chapter these currents are discussed in terms of the bipolar transistor 
beta or FET gate leakage current governing them and their temperature 
sensitivities. Just as was the case for input bias voltage, the differential 
stage provides a balancing bias to reduce error, as the two input bias 
currents will produce similar error voltages at both inputs whenever 
equal resistances are presented to the inputs. The error will then be 
due to the differential input current as represented by the input offset 
current. Adding to the de errors discussed above will be ac errors from 
noise generated in the various components of the stage. Each source 
of noise is reflected to the stage input, providing an equivalent input 
noise voltage and input noise current representing noise characteristics 
of the stage. 


2.1 Input Offset Voltage and Drift of 
Bipolar Transistor Stages 


Mismatch of transistor emitter-base forward bias voltages is the source 
of input offset voltage in the elementary bipolar transistor differential 
stage. Defined as the input voltage required to provide zero output 
voltage, the input offset voltage applied as an input signal makes the 
two collector currents equal, as represented in Fig. 2.1. From the 
diagram, 

Boa = 0 = —IoiRe + Ic2Re 


Fig. 2.1 Defining conditions for the input offset voltage of the 
elementary bipolar transistor differential stage. 
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where Ici = Ice for balanced collector resistors. The input offset 
voltage 1s | 
Vos oo Vari =, Vere (2-1) 


where Vpri and Vpre result for equal current levels. Selection of 
transistors for low emitter-base voltage difference readily yields input 
offset voltages around 1 mV. Similar offset is achieved in monolithic 
integrated-circuit differential stages through matching provided by 
simultaneous adjacent fabrication of the two transistors. Unbalanced 
output loading or mismatched resistors producing additional offset 
are considered in Chapter 4. Representing a small fraction of the 
600-mV level emitter-base voltage, the 1-mV differential is made possible 
by the excellent consistency of emitter-base voltages among transistors 
of the same type. 

Forward voltage drop of the emitter-base junction is described begin- 
ning with the junction equation.! 


Ig = Ig(eoVne/KT — 1) (2-2) 


where Is A thermal junction leakage current 
q A electron charge = 1.6 X 10~!9 coulombs 
K A Boltzmann’s constant = 1.38 X 10773 joules/°K 


TA temperature, °K = °C + 273 


Under forward bias the —1 term above is negligible and Vgr is found 
to be 


Vez = —hn— (2-3) 
q 


Considering this result, it is seen that emitter-base voltage is determined 
by emitter current, thermal leakage current, and physical constants 
K, T, and q. At a given emitter current level the variations in Vgr 
between transistors of the same type is represented in Eq. (2-3) by the 
variability of Is. Differences in thermal leakage currents reflect varia- 
tions among junction depletion regions and doping levels which are the 
basic causes of emitter-base voltage differences. Generally the emitter- 
base voltages of a random group of transistors of the same type at the 
same current level are within 20 mV of each other. As a result, selec- 
tion of transistors matched for Vgg to within 1 mV of each other is 
relatively easy. Although Eq. (2-8) accurately describes emitter-base 
voltage, the thermal leakage current included is masked by much larger 
surface leakage currents in silicon transistors at room temperature, 
preventing Ig from being a useful matching parameter. 

Input offset voltage drift can be directly related to the input offset 
voltage of the balanced stage considered. Excellent uniformity of 
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emitter-base voltage temperature coefficients and a high correlation of 
thermal matching to room temperature Vgz matching make low drift 
possible. To examine this drift the emitter-base voltage thermal char- 
acteristics are first resolved. From Eq. (2-3) emitter-base voltage tem- 
perature sensitivity is described by 


dT TT  qlis dT 


The temperature coefficient of Is is essentially that of the square of the 
intrinsic carrier concentration! N;?, which is 


Nv = KT%e7Eeo/KT 
where E,. is the semiconductor band gap potential. Then, 


1 dls 1 d(N;?) 


Is dT N,2 AT 


from which the leakage current temperature coefficient is found to be 


(2-4) 
Thus, 


= BET eft (2-5) 


Much of this temperature dependence is determined by the physical con- 
stants K, E,., and q and will be identical for all bipolar transistors of the 
same semiconductor type. For silicon, the band gap potential is 1.1 eV, 
giving 
dVge Vsae-—1.l 
——— = —-——— — 0.26 mV/°C & — 2.2 mV/°C 
oe a aE 
For a differential pair of transistors the components of Vgr thermal 
drift defined by the physical constants above cancel to give 


dVos = dVgri _ dVpre ee Veer “ee Varo (2-6) 
dT dT dT T | 


As can be seen in this expression, matching the emitter-base voltages of 
‘transistors further reduces input offset voltage drift. In practice, this 
matching tends to locate two transistors having similar junction geometry 
and doping characteristics, which have random variables not included in 
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the analysis. Note also from the above expression and the offset voltage 
expression of Eq. (2-1) that the input voltage drift is predicted by the 
input offset voltage 


dVos Vos 


a T in degrees Kelvin (2-7) 


Input offset voltage drift of 3.3 uV/°C, then, results for each millivolt of 
offset voltage at room temperature, 298°K. Solution of this differential 
equation for Vos(T) indicates that the offset voltage due to emitter-base 
voltage mismatch is a linear function of temperature expressed by 


Vos(T) = CT 


where C is a constant. Asa result, the offset voltage drift will be a con- 
stant over any temperature range. 


Thus, by knowing the offset voltage at one temperature, the voltage drift 
curve of a differential stage may be drawn. Poor thermal tracking of 
other stage elements disturbs this relationship, but generally this 1s a 
second-order effect. For the multiple-stage operational amplifier, this 
correlation between the input offset voltage and its thermal drift is com- 
monly disturbed by the offset and drift effects of following stages. The 
drift interaction of cascaded stages is considered in Chapter 4. 
Typically, the voltage drift of a differential pair of bipolar transistors 
is reduced about a factor of 700 from the —2.2 mV/°C of a common- 
emitter silicon transistor. This dramatic accuracy in matching thermal 
emitter-base voltage drifts is possible because the individual temperature 
coefficients are partly controlled by physical constants of the semicon- 
ductor material and because matching of emitter-base voltages also 
matches their temperature coefficients. The mechanism of voltage drift 
reduction due to Vgz matching is demonstrated by substitution of the 
junction equation for Vgx in the drift expression of Eq. (2-6). 
dVos _ Kl for Ir = Ire 


dT q Ts; 


Note in the above that the residual input voltage drift of a differential 
pair of transistors is related to a mismatch in the thermally generated 
leakage currents of the emitter-base junctions. This relationship indi- 
cates that differences in emitter-base junction temperature coefficients are 
largely due to differences in junction geometries and doping profiles. 
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Such differences result from variations in transistor fabrication masking 
and diffusion. 

Of course, it is not possible to achieve exact emitter-base voltage 
matching, and additional second-order effects make zero input offset 
voltage drift unlikely. To compensate for these limitations, the input 
voltage drift may be further reduced by unbalancing emitter currents to 
force the emitter-base voltages of a given transistor pair to be equal.? 
The effect of current mismatch on the offset voltage drift is found by com- 
bining the drift expression and the junction equation considering unequal 
currents. 


= —In 
dT  q Tre Is1 


dVos _ K, (= =) 
-To achieve zero drift, the emitter current balance must then compensate 
for junction differences expressed in Ige/Tgi. 


dVos = 0 for Tos = Iss 
dT Ir Igo 


Since the thermal leakage Is is masked by a much greater surface leakage 
current for silicon transistors at room temperature, leakage current 
matching except at elevated temperature cannot improve input offset 
voltage drift. However, much of the remaining drift can be experi- 
mentally nulled by creating an appropriate current unbalance. The 
required unbalance is found by considering the compensating input offset 
voltage drift resulting from emitter current mismatch separate from that 
related to Is. Letting Is1 = Ise gives the compensation expression 


i) K, Ini Tri 
= in = (200 nV/°C) log 2 2. 
( aT Jo q In Ts, (200 nV /°C) log Tos (2-8) 


From the plot of this expression in Fig. 2.2, the current unbalance needed 
to null a given offset voltage drift is found. As shown, a 10 percent 
unbalance will cancel an —8 wV/°C drift. The resulting drifts are con- 
stant with temperature and thus provide a straight-line correction to 
match the drift caused by Vse mismatch. In addition to predicting 
drift corrections, these results describe input offset voltage drift which will 
be caused by unequal current loading on the stage outputs. 

Control of current balance for compensation of input offset voltage drift 
may be achieved by variation of the stage resistor balance, as illustrated in 
Fig. 2.3. Consistent with the definition of input offset voltage the case 
shown is for zero differential output voltage. For a multiple-stage DC 
amplifier this quiescent condition is established for the stage by dc feed- 
back. The de feedback is typically necessary in such high-gain amplifiers 
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Fig. 2.2 Input offset voltage drift resulting from current unbalance in a 
bipolar transistor differential stage. 


to prevent output saturation due to amplification of offset voltage by the 
high gain. When feedback is applied to the input, the input stage current 
is unbalanced to force the voltage between the stage outputs to zero for 
zero amplifier output. With 0 V between the stage outputs the collector 
load voltages are equal, and the stage will have a current division deter- 
mined by the load resistance balance. Potentiometer Rc: will, then, vary 
the ratio of the two transistor currents to adjust input offset voltage drift 
as expressed by 
Boa = 0 = —IoiRei + IceRce 
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Fig. 2.3 Differential stage with 
input offset voltage control R, 
and drift control Re. 


Applying the earlier drift compensation equation, 


dVo 8 
dT 


Ree 


Rei 


The resulting total input offset voltage will be nulled by using R; to 
adjust the emitter resistance through which each current flows. In addi- 
tion to offset from Vgr mismatch, a current unbalance results in unbal- 
anced voltages on the transistor dynamic emitter resistances rey and Yee 
as well as on Re; and Res. The total input offset will be 


Vos = Vari a Vere + TeiRei > TreReo 


= (200 nV/°C) log 


where R, = Re +r, and Vgri1 — Vpare is the offset for equal currents. 
From these considerations the disadvantage of the often used collector 
circuit offset voltage balance control can be seen. Unbalance of the first- 
stage collector load resistances does provide offset voltage balance; how- 
ever, an additional 3.3 nV/°C drift results for each millivolt of the offset 
reduced on the emitter-base junctions. Since the emitter resistor balance 
does not affect the current balance, input offset voltage can be nulled by 
emitter resistor trim without disturbing drift. 


2.2 Input Offset Voltage and Drift 
of FET Stages 


Input offset voltage and drift of an FET differential stage are typically 
far greater than those resulting with the bipolar transistor stage. To 
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Fig. 2.4 Defining conditions for the input offset voltage of the ele- 
mentary FET differential stage. 


make use of the high FET input resistance and the low input gate current 
described in the next section, a compromise must be made with dc errors 
due to input offset voltage and drift. Less uniform de characteristics 
and thermal drifts make FET matching more difficult and less accurate. 
Compensation of these error signals does, however, greatly improve de 
performance. Input offset voltage of the basic FET differential stage 
results primarily from mismatch of gate-source voltages. Additional 
offset due to loading and resistor unbalance will be considered in Chap- 
ter 4. For zero output voltage the input to the stage is the input offset 
voltage, and the two drain currents are balanced for equal drain resistors, 
as described earlier for the bipolar transistor stage of Fig. 2.1. These 
conditions are applied to the basic function FET stage of Fig. 2.4 to 
define the input offset voltage: 


Vos = Vasi — Vase (2-9) 


where Vas: and Vese result for equal currents. Matching FET gate- 
source voltages for low input offset voltage is more difficult than is match- 
ing bipolar transistor emitter-base voltages. The bipolar transistors 
commonly have a 20-mV spread of Vgx drops, but gate-source voltages 
of FETs of the same type measured at the same current may vary by 
several volts. By considering characteristics specified for FETs, the 
potential range of gate-source voltages can be predicted. An expression 
for the gate-source voltage may be found, starting with the defining 
relationship for drain current? given below with typical small-signal 
n-channel FET parameters. 


2 
Ip re Ipss (1 = 52) (2-10) 
Vp 
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where | : 
Ipnss A In for Veg = 0 


= 2mA to 20 mA 


Vp A pinchoff voltage = Ves forIp = 0 


= —2to —4V 


a 
Vas = Vp ¢ = eo 


From the above 


Ipss 


Thus, specified ranges of pinchoff voltage and Ipss may be used to define 
the possible range of Vag values at a given drain current. Because of the 
large range normally encountered, a Ves match to within 20 mV is com- 
mon, as compared with Vgz matching to within 1 mV. Nonlinear FET 
output characteristics further complicate the matching of FETs. This 
nonlinearity results from the voltage-sensitive output resistance discussed 
in Sec. 1.4 and causes the gate-source voltage established by the biasing 
drain-current to vary with drain-source voltage. When common-mode 
signals vary Vps, the offset voltage will change unless the nonlinear output 
characteristics are also matched. Additional input offset voltage diffi- 
culties are encountered with MOSFETs (metal-oxide semiconductor 
FETs) because of time-sensitive gate-source voltages. As a result of 
these surface-related instabilities, random input offset shifts of several 
millivolts occur, and MOSFETs are seldom used successfully for differ- 
ential stages. Only junction FETs will be considered here. 

Considering the derivative of the offset of Eq. (2-9) with respect to 
_ temperature, input offset voltage drift is seen to be the result of inaccurate 
thermal tracking of gate-source voltages as expressed by 


dVos  dVesi Vase 


dT dT dT 


For an FET biased at a fixed drain current, as in a differential stage, Vas 
changes with temperature because of two temperature-sensitive charac- 
teristics.4 The first is the width of the thermally generated depletion 
layer at the junction of the gate and channel. Thermal variation of the 
built-in voltage causes a 2.2 mV/°C increase in the magnitude of Ves 
for fixed drain current. Temperature sensitivity of the majority carrier 
mobility is a second thermal factor affecting Ves. This factor would 
reduce drain current by 0.6 to 0.8 percent per degree centigrade except 
for the fixed drain current bias. Instead, Ves decreases in magnitude to 
maintain constant current as related by the FET transconductance? g¢, 


defined by 
dIp 2Ipss ( *) 
A — = 1-—- — 2-11 

oo dVgs Vp Vp ( ) 
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Considering an average 0.7%/°C effect for the mobility variation, the 
gate-source voltage drift of an n-channel FET, for which Vgg is negative, 
becomes | 

dVas 7 X 10-%Ip 


qT —2.2mV/°C + = (2-12) 


As displayed by this result, the two components of Ves thermal drift 
are opposing, and for some value of drain current the drift will be zero. 
Zero temperature coefficient. biasing occurs for drain current Ipz at which 
level the transconductance is g.z, and the relationship between the two 
parameters is defined by setting the drift of Eq. (2-12) to zero to arrive at 


Ipz 


LteZ 


= 0.315 V (2-13) 


The gate-source voltage at its zero temperature coefficient bias point is 
found by substituting the drain current expression [Eq. (2-10)] and the 
transconductance expressed by Eq. (2-11) in the above condition. The 
result is 

Vesz = Vp — 0.63 V 2 —1.5 to —3.5 V (2-14) 


where Vp is the pinchoff voltage. Using the preceding result, the zero- 
drift drain current is found with the drain current expression of Eq. (2-10) 
to be 


Ipz = ee * 200 to 600 pA (2-15) 
Vp? 
Selection of an FET for zero drift at a desired drain current level is 
made by applying this relationship to specified pinchoff voltages and 
Ipss levels. To evaluate the gain attainable at this bias point, the 
Vasz result of Eq. (2-14) is substituted into the transconductance defined 
in Eq. (2-11), yielding 


+ 600 to 2,000 umhos (2-16) 


Typically, grsz is much smaller than the maximum attainable trans- 
conductance which results for zero gate-source voltage given by 


_ 2Ipss 


Vp 


Unless a pinchoff voltage of —0.63 V is available, for which Vesz = 0, 
£tez Will be less than the maximum transconductance. 

By combining the general drain current expression and the defined 
Ipz or Vesz with the gate-source voltage drift of Eq. (2-12), the drift 


Lts for Vos = 0 
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may be expressed as a function of other FET characteristics. First, 
substitution of the drain current expression [Eq. (2-10)] and the trans- 
conductance defined by Eq. (2-11) into the drift result display the drift 
dependence upon pinchoff voltage and gate-source voltage. For this 
case 

dVgs 


dT 


= —2.2mV/°C + 3.5 X 10-3(Vp — Ves) (2-17) 


Rewriting the drain current equation to resemble the last term above 
provides 


Combining the last two expressions, the gate-source voltage drift is 
related to the ratio of drain current to Ings by the expression 


dVes 
dT 


I 
= —2.2mV/°C + 3.5 X 10-3 Vp aa (2-18) 
Ipss 


As a measure of gate-source voltage drift resulting from bias at other 
than the zero-drift point, the zero-drift drain current of Eq. (2-15) is 
combined with Eq. (2-18) to give 


dVas 
dT 


= —2.2mV/°C ¢ — 7) (2-19) 
Ipz | 
Deviation of biased drain current from the zero-drift level Ipz produces 
drift as shown in Fig. 2.5. Note that for a 10 percent deviation in 
drain current from Ipz the gate-source voltage drift exceeds 100 wV/°C. 
Similarly, gate-source voltage drift may be expressed as a function of the 


difference of Ves from its zero-drift level. Using Vesz as defined in 
Kq. (2-14) with Eq. (2-17), 


dVas 
dT 


= 3.5 X 10-3(Vasz — Vas) (2-20) 


Using the above four drift results, the input offset voltage drift of an 
FET differential stage is expressed as functions of basic FET char- 
acteristics and zero-drift parameters. Being the difference in gate- 
source voltage drifts, input offset voltage drift from Eq. (2-17) will be 


dT 


= 3.5 X 10-3(AVp — Vos) 


2-21 
where 7 ( ) 


AVr JA Vr1 — Vee Vos A Vesi — Vase 
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Fig. 2.5 Gate-source voltage thermal drift for drain 
currents about the zero-drift point. 


As indicated, the drift is directly related to mismatch in pinchoff voltages 
and gate-source voltages. Each millivolt of Ves or Vp difference at a 
given current level results in 3.5 uV/°C of input offset voltage drift, 
which is comparable to the 3.3 wV/°C experienced under similar con- 
ditions with bipolar transistors. Differential drift dependence upon 
Ipss mismatch and drain current unbalance is displayed, using Eq. 
(2-18) to derive 


dV I 
of = 3.5 X 10-3 (Ve Aes ei 2) (2-22) 
dT Leas. Tpsse 
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Whereas input offset voltage drift is directly related to Vp and Vas 
mismatches, the drift varies only as the differences of the square roots of 
Ipss levels and drain currents, Considering Eq. (2-19), dependence 
upon Ipz match is expressed by 


dVos (32: i) | 
8 = —2.2 mV/°C (4/—~ ~ [= 2-43 
dT ve .V Iba Tpze ae 


A 1 percent mismatch in Ipz of the drain currents develops approximately 
11 wV/°C input offset voltage drift. Alternatively, the drift can be 
written in terms of the gate-source voltages at the zero-drift bias points, 
From Kq. (2-20), 


dVos _ —3 
“aq = 8:5 X 10-*(AVesz — Vos) (2-24) 


AVasz & Vaszi — Vasz2 


To achieve minimum input offset voltage drift with an FET differ- 
ential stage, the FETs are biased at the zero-drift current Ipz and.they 
are selected for matched characteristics. By choosing a drain current 
at the average zero-drift level for the type of FET used, the individual 
gate-source voltage drifts will be minimized. The resulting low Ves 
drifts are more nearly equal than would occur for larger individual drifts’ » 
at bias points away from the zero temperature coefficient point. Lower 
differences in gate-source voltage drifts or lower input voltage drift 
result for stages biased as close as possible to Inz. Examination of 
drift equation (2-22) indicates that input offset voltage drift in a stage 
having balanced drain currents is nulled by matching Ings levels and 
pinchoff voltages. Under these conditions equal gate-source voltages 
are predicted by Eq. (2-10), and the Ipz levels described by Eq. (2-15) 
would be equal. However, variables not accounted for in these basic 
describing relationships also contribute to differences in gate-source 
voltage drift. Asaresult, increasing the temperature-matching accuracy 
does not continue to improve input offset voltage drift at lower levels, 
and matching at several temperatures is frequently performed. Typical 
input offset voltage drifts achieved are around 30 uV/°C, almost an order 
of magnitude higher than commonly attained with bipolar transistors. 

To achieve lower input offset voltage drift with FET differential 
stages, drain currents are unbalanced to create additional drift which 
compensates that of the FETs and any other circuit unbalance. Drift 
equation (2-23) is rewritten to consider only the drain current unbalance, 
giving the drift compensation expression 


(=) = —2.2 mV/°C VIp1 — V Ips 
. dT Jo Vinz . 


(2-25) 
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Using this expression, the input offset voltage drift corresponding to a 
range of drain current ratios is plotted in Fig. 2.6. . Comparison of this 
curve with the analogous curve for bipolar transistor stages in Fig. 2.2 
reveals that input offset voltage drift of the FET differential stage is 
more than an order of magnitude more sensitive to current unbalance. 
A 1 percent drain current unbalance creates an 11 uV/°C drift, whereas a 
collector current unbalance of 14 percent is required to develop the 
same drift. As aresult, unbalanced current loading at the stage outputs 


with Ip, +lpo=2lpz 


(=28 | = -2.2mV/°C (Hote) 


DZ 


Fig.2.6 Input offset voltage drift resulting from current unbalance in an FET 
differential stage. 
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will be far more serious to the FET stage. Since drain current unbalances — 
of less than 5 percent are adequate for compensating typical drifts, an 
approximation to the drift compensation equation can be made. For 
FETs biased at their zero-drift point 


Ipi + Ine = 2Ipz 
and for | 
Alp = Ini — Ine 
AIp Alp 


Ini = Inz + [> Ip2 = Ing — 


Combined with compensation equation (2-25), these terms give 


dVos “ Alp J Alp ) 
= —2.2mV/°C 1 —a/l— 
( dT ). ae ( 7 2Ipz 2Ipz 
Small unbalances defined for Alp < Ini ~ Ipz permit use of the approx- 
imation 


—___—. xX 
oe en eee 
“/ x 1 5 


Then 


dV Al | 
( =) = = [2] mV/°C saa for Alp K Ipz Ipi = Ip2 Bane Ipz 
: dT Cc Ipz 
(2-26) 


Also, since Alp < Ip2 for small unbalances, Ipnz = Ino, transforming the 
last result to 


dV I 
( =) = —1.1mvV/°C (2 = 1) for Alp K Ipz 
C 


dT a 
Ipi Ine ~ Ivz (2-27) 


In this expression the drift as a function of the drain current ratio 
approximates the curve of Fig. 2.6. 

To vary the drain current balance for input offset voltage drift com- 
pensation a variable drain resistor such as Rp; in Fig. 2.7 may be used. 
Analogous to the bipolar transistor stage controls, the changing drain 
resistance affects both input offset voltage and its drift, whereas the source 
resistance balance control Ri affects only the offset. With the input off- 
set voltage between the inputs as shown, the de differential output is zero, 
resulting in equal voltages on the drain resistors, or 


IpiRp1 i Ip2Rpe 


Input Error Signals and Thermal Drifts of a Differential Stage 67 


ne 
N04 Ine | E4470 
~O 
é Q, oe 
: | ae 
Vv 
Os u—;— 
R 
7 s1 
O 


v_O 


Fig. 2.7 FET differential stage with input offset voltage 
control R,; and drift control Rp. 


A drain current ratio controlled by the above drain resistor ratio provides 
a new compensation equation from Eq. (2-27) given by 


dV R 
( _) = —1.1mV/°C Ge — 1) for Alp < Ipz 


Ip1 & Ine & Inz 


Unbalanced currents in the FETs increase the input offset voltage, which 
is nulled by unbalancing the source resistances. The resulting total input 
offset voltage 1s 


Vos = Vasi — Vase + Isi (Ra aie : ) — Ise (Re. le : ) 
tsi Sts2 
where Vegi and Vege result for equal currents. Because of the high 
sensitivity of FET differential-stage input offset voltage drift to drain 
current unbalance, drain resistor adjustment is a poor choice for an input 
offset voltage trim. 


2.3 Input Bias Currents, Offset 
Current, and Drifts 


Currents in the inputs of a differential stage result from the base bias 
currents of bipolar transistors or from the gate leakage currents of FETs. 
For dc-coupled amplifiers these input currents must be supplied by the 
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signal source except for that portion which might be supplied by addi- 
tional biasing circuits. Such current supply circuits can provide approx- 
imately the input current required; however, the base or gate current is 
independently set by device characteristics and other stage biasing. As 
a result, de-coupled differential stages will always draw some input bias 
currents from the signal sources, thus developing voltage drops on the 
signal source resistances. If the signal source resistances presented to 
the two inputs are not equal, a differential error voltage is developed 
between the inputs. Similarly, unequal bias currents creating an input 
offset current produce a differential input error voltage even when source 
resistances are identical. Each of the input error currents has a thermal 
drift giving rise to temperature-sensitive input error voltages and making 
error compensation difficult. Because of the very low gate leakage 
current of FETs, FET differential stages typically provide a factor of 
1,000 lower error voltages on signal source resistances than do comparable 
bipolar transistor stages. | 

Since the input bias currents are the base currents in a bipolar transistor 
differential stage, the currents and their temperature sensitivities result 
from transistor beta characteristics. The input bias current is related by 


I 
Ip = 7 (2-28) 
and its drift may be expressed in terms of this bias current and the frac- 
tional beta drift. 
dIp 1 =) 
dT ( at) 1 ia 


The temperature dependence of beta is due to changing minority carrier 
lifetime in the base region,’ and the temperature coefficient averages 
about 0.5%/°C for typical silicon transistors above 25°C and 1.5%/°C 
below 25°C. Input bias current drift is then approximated by 


dIp C = —0.005/°C, T > 25°C 


dr ee? C = —0.015/°C, T < 25°C ay 


dT 
Comparing these approximations with a typical bias current temperature 
dependence, Fig. 2.8 shows the actual and approximate curves of input 
bias current versus temperature. Deviations from the typical curve 
shown result from variations in doping characteristics and from leakage 
currents. In the case of low-current stages the collector-base leakage 
current produces noticeable additional reduction of input bias current at 
high temperatures. Typical small-signal silicon transistors under 10 V 
of collector-base bias have an additional decrease in input. bias current 
reaching about 30 nA at 125°C because of this leakage. 
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Fig. 2.8 Typical temperature 
dependence of input bias current 
for a bipolar transistor dif- 
ferential stage. 
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Input offset current of a bipolar transistor differential stage having 
balanced collector currents results from mismatched transistor betas, and 
its drift results from inexact thermal tracking of the resulting unequal 
input bias currents. As defined, 


los = Tpi1 —= I pe = Alp (2-31) 


where Ip; and Ipe are the bias currents at the two inputs. Expressing 
input offset current in terms of beta, the bias current of Eq. (2-28) is 
combined with the preceding relationship to obtain 


(Bo on Bi) Ic 


Ios = <n for Ico1 = Ice = Ic 
This expression may be simplified using a beta average to get 
B1 = B — AB/2 
and B. = B + AB/2, where AS = B. — Bi. Using these relationships, 
AB 
= ——_—__ J 
los B? __ AB? /4 Cc 


Considering a small mismatch and relating Iog to Is, 


los = 7 Iz for AB <a B (2-32) 


From this result the beta match required to ensure a given offset current 
level can be seen. Drift of the input offset current is described by using 
the derivative of the offset current definition in Eq. (2-31) with the bias 
current drift expressed in Eq. (2-29) to get 


dIos _ (7S) = (6) 
dT \@,dT/°”* 6,dT) 
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Fig. 2.9 Darlington differential 
stage. 


Two factors creating the above drift are unequal input bias currents and 
unequal beta temperature coefficients. For transistors of the same type 
with only small beta differences, the beta temperature coefficients will be 
very nearly equal as expressed by | 


i meme ee 


6,adT 6 dT BdT 


Kssentially all the input offset current drift will then be due to input bias 
current mismatch, and the drift expression simplifies to 


dos, (1.48 
ar (; in) 1 7 


From the previous discussion of the temperature coefficient of beta as 
used for Eq. (2-30), this drift expression can be approximated by 


dIos C = —0.005/°C, T > 25°C 
dT C = —0.015/°C, T < 25°C 


As indicated, low input offset current drift results for low initial offset 
current. A beta match to within 5 percent provides input offset current 
and drift which are one-twentieth of the input bias current and drift, as- 
indicated by comparing the last result and the offset current expression 
of Eq. (2-82) with the corresponding input bias current relationship 
of Eq. (2-80). 

Reduction of the input currents and their drifts is achieved with the 
Darlington differential stage of Fig. 2.9. Input bias currents are reduced 
by the current gain of the added transistors to 


= Clos (25°C) (2-34) 
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Since input offset current is related to the product of the beta mismatches, 
it is not reduced as greatly as the input bias currents. Applying the 
combined beta of a Darlington pair to the previous offset current expres- 
sion, Eq. (2-32) results in an offset current expression given by 


Similarly, thermal drift of the added current gain limits input bias current 
drift reduction as expressed by the derivative of the preceding expression 
for Ip as 

wt, ee ( dg. i ) I 

dT \@,dT ' BdT/) ™ 

The two betas will be unequal because of highly different collector current 


levels, but the fractional changes or temperature coefficients of the current 
gains will be nearly equal as expressed by 


idg, , 1 dB, 
6.dT 6, dT 


1 dg 
BaT 
The input bias current drift is, then, 


dI d 
eS ed ( =r) Iz for the Darlington stage 


As expressed above, the temperature coefficient of the input bias current 
for a Darlington differential stage is twice that of the conventional stage 
described by Eq. (2-29). Applying this result to the drift approximation 
of Eq. (2-30) results in 


ar 7UB C = —0.015/°C, T < 25°C 


dIz C = —0.005/°C, T > 25°C 
dT 


The input offset current drift of the conventional stage given in Eq. (2-33) 
is the product of the beta temperature coefficient and the input offset 
current. The corresponding drift of the Darlington stage will be the 
product of the compound beta temperature coefficient and the new offset 
current. From the above bias current drift result, the compound beta 
temperature coefficient is twice that of the single beta, giving 

dIos os ( dé 


qT at) Tos = 2Clos 


Frequently the input offset current drift of the Darlington stage is worse 
than predicted above. Greater drift results from the difficulty of match- 
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ing betas of the added transistor which carry only the base currents of the 
original transistors. As the base currents of the original transistors vary 
with temperature, a beta match in the added transistors is needed over a 
wide range of collector currents. Such a match is more difficult to 
achieve. In addition, Vgr thermal tracking under these conditions is 
less aecurate. With a reduction in input bias current 8,:1 and a 2:1 
increase in the effective beta temperature coefficient, the Darlington stage 
typically reduces input bias current drift by a factor of 0.56,:1. Com- 
pound beta matching errors limit reduction of input offset current to 
about a factor of 0.98,:1 whereas the temperature-dependent collector 
current and added beta temperature coefficient reduce improvement in 
the related current drift to around 0.38,:1. 

Accompanying these improved input current characteristics is about a 
factor of 3 increase in input offset voltage and drift from the added pair of 
emitter-base junctions and their varying currents. Input offset voltage 
is greater because of the Vax mismatch of the added transistors and their 
unequal currents as created by the beta mismatch of the high-current 
transistors. Sensitivity of Vgz to current level is expressed in Eq. (2-3) 
which can be applied to predict the offset voltage resulting from the beta 
difference. In this case 


KT Ina 
aera = 


for Igai = Isae 
Ea2 


Since the low-current transistors are biased by the high-current transistor 
base currents, Iza = Ic/Sp, and 


AVaka = a In ide | 
q Bp 

A 5 percent beta unbalance creates an added 1.5-mV input offset voltage 
at room temperature, where KT/q = 25 mV. Input offset voltage drift 
resulting from the associated current unbalance would be 5 »V/°C, from 
the curve of Fig. 2.2. Similar increases in offset and drift result just 
from the normal mismatch and drift of the added transistors. | 

Input bias and offset currents of bipolar transistor stages are frequently 
reduced by compensating circuits which supply canceling input currents. 
Compensation resistors R; and R» of Fig. 2.10a supply currents opposing 
the transistor base currents. By selecting these resistors for a given 
stage, a factor of 10 reduction in input currents is readily achieved. How- 
ever, the compensating currents are sensitive to power supply variations 
and input signals and provide compensation at only one temperature. 
Added input bias current sensitivity to signals reflects decreased input 
‘resistance, which is typically only significant for the high common-mode 
input resistance. Both the input currents and their thermal drifts are 
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decreased by using the compensation circuitry shown in Fig. 2.10b, for 
which the base currents of compensation transistors Q; and Q, are sup- 
plied to the inputs as indicated. Since the compensation transistors are 
the opposite of the amplifier transistors in conductivity type, the base cur- 
rents of the amplifier and compensation transistors are of opposite polarity 
and tend to cancel. Compensation is provided by matching the collector 
currents and betas of the compensation transistors to those of the amplifier 


R= 100 MQ 


(b) 


Fig. 2.10 Input bias current compensation using (a) resistors and (b) 
transistors of opposite conductivity type. 
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transistors. However, matching of opposite-type transistors for a range of 
temperatures is difficult. Beta matching within 10 percent and tempera- 
ture tracking within 20 percent provide a 10:1 reduction in input bias 
current and a factor of 5 decrease in thermal drift. 

Even greater reductions in the input bias currents and their drifts 
have been achieved by deriving a compensating current from the actual 
characteristics which generate the bias currents. Such compensating 
- currents are supplied by’the two techniques of Fig. 2.11. In Fig. 2.11a° 


(b) 


Fig. 2.11 Input bias current compensation using (a) a derived voltage bias 
(Pearlman, U.S. Patent 3,230,468) and (b) a derived compensation current 
(Graeme, U.S. Patent 3,551,832). 


Input Error Signals and Thermal Drifts of a Differential Stage 75 


the resistor compensation approach is refined by deriving the resistor 
_ bias voltage Vz from a base current matched to the input bias current. 
For a base current in Q3; which matches those of Q; and Q2, the three 
transistors are biased with equal collector currents and their betas 
are matched. Then the resistor bias voltage will be 


| Vz = Ip3sRp + VeBE3 
where 
133 = Ip = Ipe 


This voltage is supplied to the two compensation resistors as expressed by 


VB a IiRs ae VBE 
= I.Rs 2 VBE 


If the emitter-base voltages of the three transistors are then matched, 
the last three expressions define the compensation currents as 


I, = I, = Ips 


Since Ig3 matches the input bias currents Ig: and Ipe, they will be matched 
by the compensation currents. In this way an order of magnitude 
reduction in input bias currents and drifts is readily achieved. However, 
differential input resistance is somewhat shunted by the compensation 
resistors. 

The compensation technique of Fig. 2.11b’ provides feedback control 
to the compensation circuit of Fig. 2.10b and eliminates its difficult 
matching requirement. As will be seen, the feedback control avoids 
the need for beta matching between transistors of opposite conductivity 
type. The use of transistors rather than high value resistors for bias 
current compensation makes this approach more suitable for monolithic 
fabrication. On the left side of the stage the feedback begins with 
Q; which conducts the same current as does Q:. If the betas of these two 
n-p-n transistors are matched, their base currents will be nearly equal as 
expressed by 

By 


eee 


Ips Tp 


As shown, Ig; biases Q;, establishing a collector current which is the 
emitter current of Q7. Since Q; and Q, carry the same current, beta 
matching of these p-n-p’s will also establish approximately equal base 
currents which are related by 


Ip7 Ips 


ssa, SP xe 
Br +1 
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where Ips = Ip3. Then, from the expressions above for Ips and Iz, 
the input bias current and the compensation current are related by 


BiB 
(83 + 1)(67 + 1) 
Ip7 = Ini : for B3>>1 Br > 1 Bi = Bs and Bs = Br 


Ip7 = 


Bl 


The latter beta matching and magnitude requirements are readily 
achieved to provide an order of PRE DLUGS reduction in the input bias 
currents and their drifts. 

Three to five orders of magnitude reduction in input bias and offset 
currents is achieved with junction FETs as compared with bipolar 
transistor stages biased at similar current levels. Input current drifts 
are also reduced; however, less improvement is attained because of the 
greater temperature sensitivity of gate leakage current as compared with 
that of beta. Nevertheless, a factor of at least 100 reduction in drift 
magnitude is typical over the widest operating temperature range. 
For high source resistance applications, the FET stage will produce 
less total de input error than the bipolar transistor stage in spite of 
the higher input offset voltage and drift associated with FETs. By 
greatly lowering bipolar transistor collector currents, input currents 
comparable to those of FETs at high temperature can be provided, 
but the ability of the stage to supply current and thereby its slewing rate 
decrease proportionally with the collector current. 

Superior input current characteristics of the junction FET result 
from gate currents composed of the low reverse leakage current of a 
junction. Input bias current of the FET stage is this leakage current, 
which may be related to the commonly specified gate leakage current 
Igss, tested with source shorted to drain under a reverse bias Vags. 
As described.in Sec. 1.4, the gate leakage of silicon FETs does not 
correspond to the junction equation expressing 


I = Ig(ea¥/KT — 1) 
I =I, under reverse bias 


Reverse leakage current included in this equation as Is is that due to 
thermal generation of carriers in the charge neutral regions and does 
not include that generated in the space charge layer.! For silicon 
junctions the reverse-biasing voltage makes the latter leakage component 
far greater than Is. Since it is thermally generated leakage current 
from the space charge layer of the reversed-biased junction, the gate 
leakage current is proportional to the volume of the layer. This was 
considered proportional to the square root of the reverse voltage in 
Eq. (1-45). Under normal operation the entire gate-channel junction 
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is not under as great a reverse bias as the Igss test voltage since Ves, 
and generally Vgp, will be less than the test voltage Vasr. From drain 
to source the reverse-biasing voltage across the junction will vary 
from Vgp to Vgg ina linear manner for uniform channel doping. Although 
common planar-diffused FETs have uniform doping in directions parallel 
to the junction, the doping profile into the channel is graded, making 
the linear variation of reverse bias only a first-order approximation. 
A linear variation permits the effective reverse bias to be approximated 
by the average of Vep and Ves for space-charge-layer volume considera- 
tions. Gate leakage current as related to Igss will be proportional to 
the square root of the ratio of this average voltage to Vesr. When the 
average reaches the test voltage Vesr, the leakage current will become 
Igess. From these conditions, the relationship of gate leakage current 
or input bias current to Igss is approximated by 


a Vap + Vas 
Ip = Ig = | Veer 


Iess = 10 pA @ Vesr = 30 Vand T = 25°C (2-35) 
In 2 5pA =@ 25°C 


For only small differences in voltages on the two FETs of a stage the 
input offset current will be essentially due to Iggg mismatch expressed by 


Too ¥ Va 
Ios = Alg = Alass vee (2-36) 
2Vast 


The temperature sensitivity of FET differential-stage bias currents 1s 
far lower than that predicted from leakage current characteristics 
governing Is. Equation (2-4) defined the temperature coefficient of 
Ig as 

1 dig 3 This 


a Un 


which makes the familiar prediction that junction reverse leakage 
current will double for every 10° temperature increase with germanium 
or for every 6°C increase with silicon. However, the rate of generation 
of carriers in the space charge layer is much less temperature-sensitive 
than that in the neutral regions,! making the dominant gate leakage 
current in silicon more stable. In practice, input bias currents of 
differential stages using silicon FETs very nearly double every 10°C 
rather than every 6°C. This characteristic is expressed by 


tel) yt Taree (2-37) 
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Fig. 2.12 Typical input bias 
current temperature depen- 
dence for an FET differential 
stage. (Empirical result from 
Burr-Brown Model 3307/12C.) 
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Leakage currents associated with the FET packages add to the thermally 
generated leakage, preventing significant low temperature reduction of 
input bias currents. At room temperature roughly one-third of the 
input currents are package leakage currents, resulting in a temperature 
dependence as displayed in Fig. 2.12. Note that the 1,000:1 increase 
in gate leakage current from room temperature to 125°C develops about 
an 800:1 increase in input bias current. 


2.4 Equivalent Input Noise Voltage 
and Currents 


Input offset voltage, input currents, and their drifts constitute de input 
error signals, whereas equivalent input noise voltage and currents repre-- 
sent ac input error signals in a differential stage. The noise generated 
within a differential stage places a limit on the signa: sensitivity of the 
circuit since any amplified signal must be of sufficient magnitude to be 
detectable over the inherent noise level of the amplifier. To some extent 
differential stages can be designed with improved noise performance by 
selection of components and attention to biasing current levels. Source 
resistances will also significantly affect overall noise performance as noise 
currents from the inputs flow in these resistances. Ideally, in a signal 
amplifying device, the signal enters the device undisturbed by noise, and 
the limit placed upon the sensitivity of the amplifier is set by the noise it 
introduces itself. The noise associated with a differential amplifier stage, 
as is the case with all amplifying devices, is the result of three noise 
phenomena: Schottky or shot noise; Johnson or thermal noise; and 
flicker or 1/f noise. Shot noise is due to the discrete particle nature of 
current carriers in semiconductors. Although a current of average value 
Inc may be flowing, the random arrival times of the charges generates a 
nondeterministic time-varying noise current’ i,. Associated with this 
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current is a spectral density 8;(f) defining the mean-square noise current 
as 


i2 _ | a S,(£) df 


The spectral density of shot noise is constant from zero frequency to 
frequencies of the order of the inverse of the charge transit time, which 
may extend into the infrared region. For semiconductors the density is 


Si(f) = 2qIpc 


where q is the charge of an electron, 1.6 X 10~!% coulombs. Applying 
this constant spectral density to the preceding expression defines the 
mean-square shot noise current in semiconductors as 


in? = 2qIpc Af (2-38) 


where Af is the system bandwidth. In addition to shot noise, a semi- 
conductor generally exhibits additional noise at low frequencies. The 
origin of this excess noise in general is not well understood; however, the 
power spectral density of the noise exhibits an 1/f behavior and is tradi- 
tionally called flicker noise. Although its noise generating mechanisms 
are in question, the power spectral density may be measured and the 
device characterized experimentally. 

Thermal or resistance noise is caused by the random motion of charges 
which is independent of their mean or average motion. For an ohmic 
resistance at thermal equilibrium the thermal noise has an associated 
constant spectral density which is expressed for mean-square voltage 
noise by 

S.(7f) = 4KTR 


where K is Boltzmann’s constant, 1.38 & 10-23 joules/°K, and T is tem- 
perature in degrees Kelvin, °C + 273. Integration of the spectral 
density over the system bandwidth as before results in a mean-square 
thermal noise voltage of a resistor of 


en? = 4KTR Af (2-39) 


where R is the ohmic resistance. As illustrated in Fig. 2.13a, the thermal 
noise source can be represented schematically as a voltage generator in 
series with a noise-free resistance or the equivalent noise current generator 
in parallel with the resistance. Forming a Norton equivalent circuit of 
the noise voltage representation, the mean-square thermal noise current 
of the resistor will be 


ea = (2-40) 
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Fig. 2.13 Equivalent noise representations of (a) a resistor and (b) a bipolar 
transistor. 


In considering the overall noise behavior of an amplifier, many noise 
sources, both internal and external to the amplifier, must be taken into 
account. An important result from noise theory states that a set of 
mean-square noise voltages or currents may be added to obtain the 
cumulative mean-square value, provided the noise sources are uncorre- 
lated. In characterizing an amplifier it is therefore convenient to sepa- 
rate the noise sources as statistically independent and therefore uncorre- 
lated noise generators. 

In the preceding analyses a system passing only frequencies from 
f, to f; + Af has been considered. Since practical systems do not have 
infinite response selectivity, other frequencies are transmitted at varying 
gains described by the transfer function of the system. For an input 
noise voltage having spectral density S,i(f) applied to a network having a 
transfer function H(jw) the output mean-square noise voltage will be 


ee oe f SiH (jo) |? df 


and for Sy; the constant spectral density associated with shot or thermal 
noise 


eno? = Svi fy [HGw)|? df 


For a single resistor-capacitor low-pass filter the output noise would be as 
described below. 
1 
1+ jwoRC 
Syvi 
4AR 


H(jw) = 


2— 
€no = 
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This specific case is particularly useful in amplifier noise considerations 
since the response of an amplifier stage is commonly a single-pole response. 

Associated with the average currents in a bipolar transistor are shot 
noise sources described by the defining relationship, Eq. (2-38). Repre- 
sented in the pi transistor model in Tig. 2.13b, the noise currents are 
modeled by uncorrelated noise sources related to the collector and base 
currents by® 


Ieee = 2qIz Af (2-41) 
ine? = 2qIc Af (2-42) 


In these expressions leakage currents are neglected as they are commonly 
small in comparison with the biasing currents. Also represented in the 
circuit model is a noise voltage source accounting for the thermal noise of 
the base spreading resistance r,. From the thermal noise relationship of 
Kq. (2-39), the mean-square thermal noise voltage generated in the base is 


Cap? = 4K Tr’ Af (2-43) 


Applying this model to the basic differential stage leads to the result in 
Fig. 2.14 which can be used to develop equivalent noise sources at the 
stage inputs. Identical characteristics are assumed for the two transis- 
tors as shown since typical unbalances will result in only minor noise 
differences. Output resistance Ro is omitted in the complete diagram, 
as is valid for the general case with Ro <r.(1 — a) from Chapter 1. 
Noise generators lnre and ene represent the thermal noise characteristics of 
Ro and Rg, respectively. 

By reflecting each noise source to the stage input as an equivalent noise 
generator it is possible to simplify the noise representation to one noise 
voltage and one noise current at each input. Being directly at the inputs, 
these net equivalent noise generators can be compared with the input 
signals in describing errors due to noise. Since the collector current shot 
noise and the collector resistor thermal noise current both flow through 
the collector resistor, it 1s of interest to compare their mean-square 
magnitudes to observe which noise component is predominant. The 
ratio 1s 

Lae 2qIc Af IcRc 


2 4KTAf/Re 2KT/q 


Inre 


At room temperature K‘T/q is near 25 mV; the collector resistor drop 
IcRc is commonly 2.5 V, and 


28 


enb 
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Fig. 2.14 Noise model for a bipolar transistor differential stage. 
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Being much smaller than the shot noise current inc, the thermal noise cur- 
rent of the collector resistance results in negligible noise on the resistor 
and can be omitted. For a balanced differential stage the noise current 
associated with the common-mode biasing current Icy divides equally 
between the two sides of the stage to develop equal noise signals on the 
collector resistors. No differential output noise then results from this 
noise source, unless the small resulting base noise currents flow in very 
high source resistances. For the general case, noise generated with Icy 
is neglected. 

To replace the collector noise current generators with equivalent input 
noise generators the circuit is separated at the junction of the emitter 
resistors. If the high resistance of the common-mode current source Icx 
is neglected, the equivalent resistance presented by the differential stage 
to the emitter of the left side of the stage is the output resistance of an 
emitter follower formed by the right side of the stage. The equivalent 
resistance 1s 


Ree 
B 
where 
Re. = Re + Te 


Replacing the remainder of the stage by this resistance results in the 
equivalent circuit of Fig. 2.15a for which the circuit has been redrawn to 
combine the resistances in series with the emitter of the left side. Only 
the collector current shot noise generator is considered in the circuit to 
resolve its equivalent input noise voltage generator e,, as represented in 
Fig. 2.15b. The equivalent input noise voltage is calculated by solving 
for the output noise current it creates. 


Cnc(28Re + Re + ry) 
2(6Re + r, + Re) 
Bis 
2R. + (Ra + 14)/8 


From these expressions the input noise voltage equivalent to the collector 
noise current is found to be 


Cne = Disc (R. + 


/ 
Ky = 


Ine 


ly + — 
B 


where 
Ine” = 2qIc Af 
Total equivalent input noise generators are found by combining the 


various equivalent input components. The voltage noise representation 
at the input includes the above en, the thermal noise e,» of the base 
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Fig. 2.15 The equivalent circuit of a differential stage referred to one input with 
(a) the collector current noise generator and (b) the equivalent input noise voltage 
generator. 


spreading resistance, and the reflected thermal noise of the emitter resis- 
tor. The emitter resistance noise generator can be transferred directly 
to the input as in either position it will produce the same emitter current. 
Adding the mean-square noise voltages from the three sources results in 
the equivalent input noise voltage on one side of the circuit: 


Cnit” i One” + env? + Cue’ 


where e,, is defined from the preceding equation, and the thermal noises 
of r, and Rg follow from the basic thermal noise equation (2-39) to give 


Sere : 2 
Cnil” = 8qIc Af (R, —+ ate) + AkT (Re + r,) Af 


Similarly, the right side of the circuit has an input noise representation, 
and it is equal to the one given above for the balanced stage considered. 
Addition of the two input noise generators results in the total equivalent 
differential input noise of the stage, eni, which is 


Cn? = Cni1? + Cnie” 


| : 2 
Cnt = 2 \2aKc Af (R, + a’ = 2KT (Re + r,) Af (2-44) 


where 
Re — Re + Te 


Noise currents in the differential-stage inputs are the shot noise currents 
associated with the base currents as represented in the stage model of 
Fig. 2.14. From the base current noise expressed by Eq. (2-41), the 
input noise currents are 


init = inbt = V 2q]n1 Af (2-45a) 
lnig = Inbo = V 2qI2 Af (2-45b) 
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In addition to flowing in the source resistances, the input noise currents 
flow through the emitter resistors of Fig. 2.14. The effect of the base 
current noise in the emitter resistors 1s small compared with that pro- 
duced by the collector noise current since the two currents as defined in 
Eqs. (2-41) and (2-42) are related by beta. Asa result, the base current 
generators may be returned to common instead of to the emitters. Also, 
the noise voltage resulting from the base current noise in the small r,, is 
negligible in comparison with the preceding equivalent input noise volt- 
age. Because of this, the base current noise generators can be returned 
to the opposite side of r, which is the base terminal. Having reflected 
all noise sources to the inputs of a differential stage, it may be represented 
by a noise-free stage preceded by the equivalent input noise generators, 
as is done in Fig. 2.16. 

From the preceding expressions for equivalent input noise voltage and 
currents, several observations can be made concerning the noise charac- 
teristics of a bipolar transistor differential stage. First it is noted that 
both the input noise voltage and the input noise currents are proportional 
to the square root of the bandwidth considered. A second conclusion 
is that input noise voltage is minimized by lowering collector current. 
Also, low collector current and high beta result in small input shot noise 
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Fig. 2.16 Equivalent input noise representation of a bipolar transistor 
differential stage. 
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currents. The latter conditions are consistent with the requirements of 
the previous section for maintaining low dc input currents and drifts. 
Finally, excluding the thermal noise of the source resistances, the equiv- 
alent input noise voltage has a slight dependence upon source resistances. 


Fig. 2.17. Pi noise model for an 
FET. 


In general, the latter portion of the total input noise is masked by that 
developed by the source resistances with the input noise current. Repre- 
sentative levels of input noise voltage and currents can be obtained by 
considering a typical case. With 


Re = 5002 ~~ xr, = 502 Af = 1kHz 


the equivalent input noise voltage will be 0.3 wV rms and the input shot 
noise currents will be 6.3 pA rms. Input noise voltage encountered in 
practice with careful shielding is close to that predicted above. However, 
the noise currents can be several times the predicted shot noise because of 
flicker noise, particularly in the frequency range of de to 1 kHz. 

The representation of FET differential-stage noise sources by equiv- 
alent input noise generators results from an analysis paralleling that for 
the bipolar transistor case. Noise sources within an FET are represented 
in Fig. 2.17 by the gate and drain noise current generators.!° Shot noise 
associated with the gate leakage current results in the gate noise current 
for which 


I 
w) 
i) 
cm) 
a 
Q 


ine? = 2qIq Af (2-46) 


Since the gate-drain voltage is typically many times the gate-source 
voltage, the leakage current is primarily gate to drain and the associated 
noise generator is connected between the latter terminals. Within the 
FET, channel noise is generated that is approximated by the thermal 
noise of a resistor equal to 1/g;,. In the model this noise is represented 
by ina Which: will be 

ina? = 4KTg;, Af (2-47) 


Since this output noise current model is of the same form as that in Fig. 
2.13 used with the bipolar transistor noise analysis, the equivalent input 
noise voltage of an FET stage can be drawn from that of the bipolar 
transistor stage. | | : 

By reflecting the drain noise current to the input as a voltage noise, the 
equivalent input noise voltage is defined. Replacing one side of the stage 
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by its source-follower output resistance, Rg + 1/g¢;, and combining this 
with the model of the remaining side result in the equivalent circuit of 
Fig. 2.18 for rg; > Rp andr,, > Rg. The total noise current in the drain 
is composed of the channel noise current in, and the thermal noise current 
Ina Of the drain resistor defined by 


AKT Af 
Rp 


Ind” = 


Solving for the input noise voltage which produces an equivalent total 
drain noise current gives 


ere l 1 2 
enit? = 16KT Af (cr + =) (— a Rs) 
Rp 2 ts 


Addition of this noise voltage to an equal component from the other side 
of the stage results in the total equivalent input voltage noise in the form 


Cni = 4. (— + Rs) \2KT Af (cr + =) (2-48) 
fs Rp 


Input noise currents are the shot noise currents of the gate leakage 
currents as described by 
Init — V 2q]a1 Af (2-49a) 
inig = V 2qlao Af (2-490) 
Since the effects of these small noise currents in the drain resistor are 


small compared with the thermal noise generated there, the input current 
noise generators may be returned to common instead of to the drains. 


9 ts“gs 
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Fig.2.18 The equivalent circuit 
of an FET differential stage 
referred to one input with (a) 
channel and drain resistor noise 
current generators and (b) the 
equivalent input noise voltage 
generator. 
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Fig. 2.19 Equivalent input noise representation of an FET differential stage. 


With all noise sources reflected to the inputs, the noise characteristics of 
the FET differential stage are represented in Fig. 2.19. 

From the expressions for input noise voltage and currents the conditions 
for low-noise FET differential stages can be interpreted. Once again 
noise component is proportional to the square root of the bandwidth con- 
sidered. This is the case for any noise whose mean-square value has 
constant spectral density, as do shot noise and thermal noise. It is also 
noted that low input leakage currents in the FETs corresponds to low 
input noise currents. Finally it can be seen that high FET transcon- 
ductance tends to lower equivalent input noise voltage. To calculate 
some representative noise levels a typical stage is considered having 


ges = 1000 umhos Rp = 10 kQ Rs = 1002 
Af = 1kHz Ig = 10 pA 


The equivalent input noise voltage resulting is 0.42 nV rms, and the input 
noise currents are 0.056 pA rms. In general, the input noise currents 
produce negligible noise voltages on the source resistances as compared 
with the thermal noise of the resistances. However, the noise voltage is 
greatly increased by 1/f noise and will typically be 1.0 pV rms under the 
above conditions for the bandwidth from de to 1 kHz. 
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THE STAGES OF 
AN OPERATIONAL AMPLIFIER 


The individual stages used in operational amplifiers are separately chosen 
to develop different amplifier characteristics. Those amplifier character- 
istics which are determined by a given stage depend on whether it func- 
tions as an input stage, intermediate stage, or output stage. For exam- 
ple, within the input stage many of the operational amplifier accuracy 
limitations are set, and the design of this stage is primarily directed 
toward control of de and ac errors. In contrast to this, the intermediate 
stages provide additional voltage and current gain in the amplifier with 
less effect upon accuracy. From the results of the preceding chapters the 
performance characteristics of the differential stages used as input inter- 
mediate stages can be described. For the single-ended intermediate 
stages similar results will be developed in this chapter. Also to be 
described are the characteristics of output stages which serve to isolate 
the amplifier from loading effects and to supply output current. Output 
current limiting techniques which limit transistor dissipation are then 
discussed for the typical output stage. The ways in which the various 
stages interact to determine overall amplifier performance will be covered 
in Chapter 4. 
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3.1 Input Stages 


Characteristics of the differential input stage of an operational amplifier 
are the most critical factors which affect the accuracy of an operational 
amplifier in providing voltage gain. Errors effects of following stages are 
reduced in significance by the gain isolation provided by the first stage, as 
will be analyzed in the next chapter. Design of the input stage is directed 
by the requirements placed on the operational amplifier characteristics by 
accuracy needed within the intended applications of the amplifier. Since 
it is a differential stage, the characteristics of an input stage are described 
by the results of the preceding chapters. Design decisions for the stage 
are made by relating these previous results to amplifier performance 
requirements, using the design procedure in Sec. 1.5. Both de and ac 
performances are considered in the design process. To achieve accurate 
de performance at high voltage gain, a large input resistance, and a high 
common-mode rejection are needed in an input stage which has low de 
input error signals. The input error voltages and related drifts from the 
input offset voltage, input bias currents, and input offset current of the 
first stage are directly added to the input signal. Any high resistance or 
capacitance connected to the amplifier inputs in high gain or integrating 
applications makes de precision highly sensitive to the input currents of 
this stage. Common-mode rejection must be preserved in the input stage 
since common-mode error voltages once added to the amplified signal 
output cannot be separated. Overall common-mode rejection of an 
operational amplifier will be no greater than that of the input stage. In 
addition to providing gain accuracy under feedback, high stage gain 
provides a large output signal which is less sensitive to the de errors and 
common-mode errors of the following stages. Input resistance of the first 
stage determines the loading error resulting from the source or feedback 
resistances connected to the amplifier. 

Accurate ac performance of an operational amplifier depends largely 
upon the noise, bandwidth, and slewing rate of the input stage, in addi- 
tion to the gain, input impedance, and common-mode rejection as 
discussed above. Since it adds error to the signal prior to any amplifica- 
tion, input noise of the first stage creates the greatest percentage error 
of the amplifier noise sources. The bandwidth of the input stage is 
frequently a principal limiting factor to overall amplifier bandwidth 
when high gain and low current levels are established in this stage. 
For low input bias currents in bipolar transistor stages, as desired for 
de accuracy, low first-stage collector currents are chosen. Associated 
amplifier bandwidth restrictions limit high frequency gain and the 
accuracy provided by feedback. As will be covered in Chapter 5, the 
phase compensation capacitance providing amplifier frequency stability 
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is commonly connected as a load to the narrowband input stage. With 
this choice the response pole frequency reduced by phase compensation 
will be about the lowest, and the greatest overall amplifier bandwidth 
will result. This capacitance load slows the rate of change of the 
output voltage or slewing rate to that limit imposed by the current 
available to charge the capacitance. In Sec. 1.5 the available current 
was identified as the total stage current, 2Ic or 2Ip, since the stage will 
unbalance to supply the load. The slewing rate of the phase-compensated 
stage will be 
dec _ 2Ic = 2Ip 


dt Cc. C 
where é€c is the voltage on capacitance C. Large signal response is 
commonly restricted in frequency by the rate limiting of the phase- 
compensated first stage. Approaching this frequency limit, large signals 
are distorted, developing a second type of ac response error. 

Bipolar transistors or FETs are used in the input stage, as represented 
by the typical circuits of Fig. 3.1, with the choice between the two transis- 
tor types being primarily determined by external circuit impedance 
levels. As shown and as analyzed in Sec. 1.5, a transistor current 
source is generally used to bias input stages for common-mode rejection 
improvement over that resulting with resistor bias. Input offset voltage 
balance controls at the first-stage emitter or source resistors provides 
offset control without the bias disturbance resulting from offset adjust- 
ment at other points in the amplifier. When compensating for amplified 
input offset voltage at a later stage, large bias unbalances may be required. 
Any such bias change results in additional input offset voltage and drift. 
Selection of the indicated resistors and bias levels is made as outlined 
in Sec. 1.5. The common-mode voltage swing limits of the input stage 
are essentially the only restrictions to the common-mode voltage range 
of the amplifier since the very low common-mode gain of the first stage 
results in a small common-mode signal applied to the following stage. 
Bipolar transistors are commonly used in the input when signal source 
or feedback resistance of 50 kQ or less are to be used with the operational 
amplifier. Because of higher tranconductance in bipolar transistors, 
1/r. as compared with g;, of FETs, higher gain is commonly achieved 
with bipolar input stages. Above 50 k® resistance levels, bipolar 
transistor stage input bias currents, input offset current, and their 
drifts typically result in total de input errors which are greater than 
those of the higher input offset voltage and drift of an FET input dif- 
ferential stage. Input currents of the FET stage, varying from about 
5 pA to 4 nA over extreme temperature ranges, result in small de input 
errors until a signal source resistance level much greater than 50 kQ 
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Fig. 3.1 Typical input-stage circuits. 


is reached. Generally, an FET input stage biased at its zero-drift 
current level provides a slewing rate under phase compensation loading 
that is many times that developed by bipolar stages at their lower current 
levels. . 

In addition to the basic differential stages considered here, specialized 
stages described in the preceding chapters are frequently used as input 
stages. Cascode biasing, described in Sec. 1.5, is used to achieve improve- 
ments in many of the outlined operational amplifier characteristics 
affecting precision, including input capacitance, bandwidth, common- 
mode rejection, and input leakage currents. Voltage gain required to 
ensure accurate dc and ac operation, as discussed, is made large in the 
input stage, using the dynamic load circuit analyzed in the same section. 
Input-stage voltage gain of the order of 1,000 is achieved with this 
stage, providing high isolation from errors in following stages. Reduced 
input bias currents to operational amplifiers having bipolar transistor 
inputs is commonly attained by using resistors to supply current to 
the first-stage bases as demonstrated in Sec. 2.3. Occasionally the 
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Darlington-connected differential stage described in that section is also 
employed to lower input currents, although input offset voltage and 
drift are greatly increased. 

Input protection circuitry, such as that shown with the bipolar transis- 
tor differential stage of Fig. 3.1, is needed to prevent damage from large 
differential input voltages. Without the protective clamp circuit shown, 
such input signals would reverse-bias one of the transistor emitter-base 
junctions and would reach an avalanche breakdown state for about 
6-V reverse bias on common planar-diffused silicon transistors. In 
this state high currents may be conducted through the input terminals, 
dissipating significant power in the reverse-biased junction, unless the 
current is limited. Large series base resistors will limit current to 
prevent destruction of the transistor, but they also create a response 
pole with the stage input capacitance and de errors with the input 
currents. Not only must current be limited to avoid destroying the 
transistor but the effects of this reverse current upon beta and Vgr 
levels must be carefully noted. Both characteristics undergo permanent 
shifts when stressed in this condition even well below the rated power 
dissipation of the transistor. Matched transistor betas and emitter- 
base voltages are unbalanced in this way, disturbing the input de error 
and drift characteristics. To avoid any such parameter shifts the 
protection circuit shown limits the differential voltage impressed upon 
the transistors to the forward voltage drop of one of the protection diodes. 
Series resistors needed to limit the diode current are small compared with 
those discussed above since much larger current can be handled with 
the 0.6-V diode drop than with the 6-V reverse breakdown. Small- 
signal response of the input stage is not greatly affected by the protection 
circuit in its OFF state until frequencies above a megahertz are reached. 
Low reverse voltage on the protection diodes maximizes the diode 
capacitances to about 3 pF and roughly triples differential input capaci- 
tance at such high frequencies. Although input capacitance above 1 MHz 
is of little importance in general-purpose operational amplifiers, response 
of wideband types will be appreciably affected by the protection circuit. 

In some applications it is undesirable to have large input currents 
drawn by protection circuits under input overdrive such as those result- 
ing with the above circuit. When a differential stage is used as a switch, 
overdriven inputs are normal and serious loading of the signal source 
may result from the above protection circuit action. As an alternative 
protection method, diodes having high reverse breakdown voltage are 
placed in series with the emitters of the stage in Fig. 3.2. Large input 
voltages to this develop reverse emitter-base current that is limited to 
the small leakage current of a protection diode. Significant current 
will not flow unless the input signal exceeds the higher breakdown 
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; Fig. 3.2 Input protection rely- 
+ ing upon breakdown voltages of 
diodes. 


voltage of the diode. However, if input protection is provided with 
this approach, normal operation results in two additional forward junc- 
tion voltage drops added in series with the input circuit. Mismatch 
of the added diode drops adds input offset voltage and drift. Since 
the added de errors are uncorrelated with those of the transistors, offset 
and drift are not typically increased by as much as a factor of 2 but 
rather by the square root of 2. 


3.2 Intermediate Stages 


The input stage of an operational amplifier, as described in the preceding 
section, is designed to minimize ac and dc errors of the overall amplifier by 
controlling the error sources of this stage and by developing high gain 
which reduces the effect of following-stage errors. As a result, the inter- 
mediate-stage characteristics are less critical. ‘The ways in which inter- 
mediate-stage errors combine with those of the input stage will be con- 
sidered in the next chapter, and only the characteristics of the separate 
intermediate stages will be developed here. In the design of intermediate 
stages the emphasis is placed on developing additional voltage gain, pro- 
viding current gain from the first stage to the output stage, and shifting 
the quiescent voltage level back to zero at the output. Added voltage 
gain is of course needed from these stages to provide high overall amplifier 
gain, and frequently the major portion of the total voltage gain is devel- 
oped in the intermediate stages. Current gain in this part of the amplifier 
provides high current to the output stage without heavy loading of the 
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input stage by impedance transformation. To provide a 0-V quiescent 
output level the de bias level must be shifted from that at the outputs of 
the first stage by means of intermediate-stage biasing. In general, the 
outputs of the first stage are biased well away from common to permit 
large common-mode input voltage swings as described in Sec. 1.5. 

Both differential and single-ended forms are used for intermediate 
stages. Unless a differential output is desired from the completed ampli- 
fier, it is common to employ single-ended stages for at least part of the 
intermediate section. The choice between the two types of stages 1s 
based primarily upon common-mode rejection requirements and the 
de loading of the stage. Common-mode rejection is developed by the 
high differential signal gain and the low common-mode gain of a differ- 
ential stage. When the transition is made to single-ended stages, com- 
mon-mode rejection is limited to that developed by the preceding differ- 
ential stages. However, continued addition of differential rather than 
single-ended stages provides diminishing returns since other errors become 
dominant. These latter errors are differential signals developed from 
the common-mode signal by stage unbalances, as considered in Sec. 1.4, 
and cannot be reduced by the common-mode rejection of added stages. 
In addition to this consideration, the de loading effects of the two forms 
must be evaluated. The de bias and drifts of a single-ended stage are 
compensated by a balancing transistor when a second transistor is added 
to form a differential stage, as will be analyzed in Sec. 4.2. Once again 
the overall improvement afforded by each successive differential stage is 
diminishing since the de errors of each stage are reduced in effect by the 
preceding gain. Typically only two moderate-gain differential stages 
or one high-gain differential stage is used in an operational amplifier. 

Widely used intermediate stages include bipolar or FET differential 
stages, common-emitter or common-source amplifiers, emitter followers 
or source followers, and a wide range of variations on these basic forms. 
The characteristics of the differential stages are described in the previous 
chapters, and the single-ended stage characteristics will be outlined or 
developed in the remainder of this section. Any of these forms can be 
used to provide de level shifting as indicated by the representative cases 
in Fig. 3.3. Each of the loading stages in the figure translates the de bias 
level from the first-stage output level E.1 to a 0-V quiescent output. 
For the differential stage the level shifting is provided by using transistors 
which are opposite in conductivity type to those of the input stage. In 
this way the voltage level difference is dropped on the collector-base 
junctions of the intermediate stage. An analogous situation results for 
the common-source stage. In the emitter-follower case, the de level 1s 
shifted by a voltage divider. Since the voltage divider also reduces gain, 
modifications of this approach are generally made, as will be considered. 
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Fig. 3.3. Basic level shifting techniques. 


The basic follower circuits used for intermediate stages are represented 
in Fig. 3.4, using bipolar transistors. Analogous circuits apply with 
FETs. When the followers are used for impedance isolation without 
level shifting, the same circuits are used with Re = 0. As mentioned 
earlier, level shifting with the voltage divider form reduces gain, and 
the other two circuits shown are used to improve the divider imped- 
ance ratio in lhmiting the gain loss. The impedance of the zener diode 
shown will be small in comparison with the resistance levels normally 
used for Ry, making the gain loss small. However, the noise introduced 
by zener diodes in this application is often significant for operational 
amplifiers. Alternatively the divider is modified by replacing Ry with 


Fig.3.4 Intermediate-stage fol- 
lower circuits. 
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the high impedance of a transistor current source, as shown for the third - 
circuit. To compensate for the bypassing of the current source output 
resistance by its C, the capacitor Cg is added, bypassing Re. The effect. 
of C, is analyzed in Sec. 1.5. | 

Except for different divider impedances the three follower circuits 
introduced above can be described by the same expressions. For analysis 
the circuit model of Fig. 3.5 is used. The analysis results are simple 
extensions of the basic emitter-follower characteristics and are given here 
for reference. Low-frequency voltage gain is expressed by 


Ri 


Ao = = f : - 
O Ri +R. + Re/é or Rg <r (8-1) 
Input resistance is found to be 
r'o(Re + Rt) 
St eee eee 2 
oS po Raa S @) ve 
where 
Re. ad Re + Ye 
Ry = B(R. + Rt) for Re + Ry <r.(1 — a) (3-3) 
Output resistance is 
, Re 
Ro = (R. + *2) Rs for Re <r, (3-4) 


Assuming r, presents a negligible shunt to the output as modeled, the 
input capacitance from the model equals the sum of C, and a fraction of 
Cx. This fraction equals the fraction of the voltage swing bypassed by 
C.p, and the input capacitance will be 


Ve 


ees as 3 


Cer for r, > R. + Rr (3-5) 


Associated with Cy is a voltage gain response pole at the break frequency 


Fig. 3.5 Emitter-follower stage. 
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of Cy with the input and source resistances. Neglecting the second term 

of the above expression for Cz, the response pole will be 

- ] = B(Re + Ry) =P Re 
2a (Ry|| Re) Cr 2rB(Re + Ri) ReCe 


Paralleling the above emitter-follower analysis, the source-follower stage 
of Fig. 3.6 provides analogous results. The low-frequency voltage gain is 


fp for C; = C, (8-6) 


Ao 2 gRr 


Seen ase eee for r,, > R Y'gs >> R R 
1 + gs.(Rg + Rt) : . ° ie 


Yas >> Rg + Ry (3-7) 


Input resistance of the source follower is limited by packaging to around 
1012 ©, and output resistance is expressed by 


oe. 
1 + gts(Rs + Rr) 
Input capacitance is found to be 
Ce 
1 + gre(Rs + Rr) 


for rz; >> Re Tas >> Rs + Ri (8-8) 


Cy = Coa + for I'gs >> Re Kgs > Rs + Rao 


lds > Rg + Ry (3-9) 


By neglecting the second term of the input capacitance expression and the 
input resistance, the voltage gain response pole becomes 


; 1 
> 2nRe Cea 


Performance characteristics of the remaining types of single-ended 
intermediate stages, common-emitter and common-source, can be 
extrapolated from the differential-stage results of Chapter 1. As dis- 
cussed in Sec. 1.1, the differential stage 1s composed of two common- 
emitter or common-source amplifiers which are effectively connected in 
series for differential signal analysis. The individual single-ended stage 


f for fps >> Re Cr = Cea (3-10) 


Fig. 3.6 Source-follower stage. 
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characteristics can be written from those of the differential stage in Secs. 
1.1 and 1.2 by again considering the parallels drawn there. From this 
procedure the common-emitter and common-source describing expressions 
will be resolved in a form compatible with the differential-stage analysis 
results. This uniformity eases the analysis of combined differential and 
single-ended stages when a complete amplifier is considered, as in the next 
chapter. The common-emitter-stage analysis model is shown in Fig. 3.7. 
For this model the low-frequency voltage gain is 


—aRcr, 
A rr 3-11 
OS RRg st ty Reine a =e) ae 
where | 
R. = Reg +- Ye R, K r.(1 aces a) 
Under typical collector loads, this becomes 
| _Re 
Ao = ———_——— for R (l — 3-12 
0 Rod Ro/ or Ro K ref a) (3-12) 
Common-emitter input resistance when load resistance is very large will be 
Re + le 
R; = BR. ——— 3-1 
EO? BB i ae 
When load resistance is at normal levels, the input resistance simplifies to 
Rr = BRe for Ro Kr,(1 — a) (8-14) 
The output resistances without load and with load Rc are 
; R. + Re/B 
R6 = Lr, oe for Re << Ts (3-15) 
eRo(Re + 
Ro a __ TeRo(Re + Re/B) for Re <I (3-16) 


~ re(Re + Re/8) + ReRe 


Fig. 3.7 Common-emitter-stage analysis model. 
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The input capacitance will be 


Z, Ro 
Cr = {1+—]C, LoS 3-17 
: ( T x) 1 + jwRoC, ( ) 
Because of this capacitance the dominant response pole of the gain occurs 
at approximately 


ae 1 Re - Re /B 
°  QtRcC, Re + Re 


In the same way the characteristics of the common-source stage can be 
written in a compatible form from the expressions for an FET differential 
stage. The resulting analysis model is that of Fig. 3.8. In this form the 
stage has a low-frequency gain expressed by 


(3-18) 


A eo — 2sRpras 
Rp + Yas(1 2s o+.Rs) 


For typical load resistance levels the gain simplifies to 


for Ypgs >> Re + Rg (3-19) 


—gr.Rp 
Ag = — 
? ia gisRg 


Input resistance is developed by the large reverse resistance of the gate 
junction and is packaged-limited to around 10!7Q. The unloaded output | 
resistance is described by 


Ro = Tas (1 + g:,Rs) for lps > Re -- Rs lds Rg (3-21) 


Under typical load resistances the output resistance approximately equals 
the load resistance. 


Ro = Rp for rags >> Ro Yas >> Rg (3-22) 


for Ry < lds (3-20) 


Fig. 3.8 Common-source-stage analysis model. 
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The input capacitance is 


3 
C; + é a 4.) Cx 


1 + g:.Rs 
where 
Ro 

La = 3-23 
of eRe ena) 

From this capacitance a gain response pole results at 

1 1 sR 

f I + gisKs (3-24) 


>” 27 RoCga 1 +- gi,Re 


In order to achieve higher gain a current source is frequently used in 
place of a load resistor in intermediate stages. The high dynamic output 
resistance of the current source acts as a high resistance load without 
developing the large dc bias voltage that would result with an equivalent 
resistor. When such a load is used with a common-emitter stage, as 
represented in Fig. 3.9, the higher voltage gain is accompanied by reduced 
bandwidth and input resistance. As represented, identical biasing 
resistances are connected to both transistors, and the same parameters 
will be assumed for both transistors to simplify analysis. In this case the 
load shown as Ry represents the input resistance of the following stage. 
The net load resistance presented to the common-emitter transistor is the 
current source output resistance in parallel with Rie. Using Eq. (8-16), 
this load resistance can be expressed by substituting Rie for Rc to get 


_ __Rn(Re + Re/8) 
re(Re + Re/8) + ReRus 


As a lower limit this load resistance approaches R12 which is commonly far 
greater than the normal collector resistor level would have been. The 


Ry 


Fig. 3.9 A common-emitter 
amplifier using a current source 
in place of a collector resistor. 
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voltage gain resulting with this high load resistance must be found with 
the more detailed gain expression of Eq. (38-11). However, this expression 
can be somewhat simplified for this case to get 


A Se —Rer, 
. ReRe + ro(Re + Re/B8) 
By substituting the previous expression for Ry in this result in place of 


Rc, the low-frequency voltage gain of the common-emitter stage with a 
dynamic load is found to be 


forRir<re ReX<re l—-a= 


ele 


ee, en 
(R. ar Ra /B) - 3RirRe¢/Te 
The high load resistance also affects the circuit input resistance, output 


resistance, and bandwidth. Input resistance can be expressed from Eq. 
(3-13), using the approximation 


Ao (3-25) 


Ye 


Ree for Ro <1, 
BRe + le ss 


Rr = 6 
Replacing Rc in the last equation with the expression previously devel- 
oped for Rx, the input resistance becomes 


BRe 
ae BRi2(Re + Re/B8) (3-26) 
re(Re + Re/8) + ReRe 


Note, that Ry is significantly reduced from that expressed by Eq. (8-14) 
as 8R, for lower load resistances. The output resistance of the common- 
emitter stage is greatly increased by the current source load. As pre- 
sented to Rie of the following stage, the output resistance will be the 
parallel combination of the two transistor output resistances. For 
identical transistor parameters and bias resistances, the stage output 
resistance follows from Eq. (8-15) as 


= re Re + Re/B 
2 R. + Re 


Ri = 


Ro for Re K re (3-27) 
Also accompanying the higher gain is a reduced bandwidth which can be 
described from a model of the stage. This model is drawn from the 
common-emitter model of Fig. 3.7 and the output circuit representation 
of Fig. 1.12. Using the latter representation the response effects of the 
current source load are all represented in its output circuit where they 
may be combined directly with the common-emitter output circuit 
elements. For the single transistor of the current source, the output 
capacitance is twice that shown in Fig. 1.12 for a differential stage, and 
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the resulting model for the common-emitter stage with a dynamic 
load. appears in Fig. 3.10. For this model Ri and Ro are as expressed 
by Eqs. (3-26) and (8-27), and the circuit capacitances are 


x) | Ro|| Rie 
: ( - Re * "1+ jaRol|Rre(C, + C’) 
QC’ _ R. + Re 

° R.+ Re/B 


Although the model can be used to analyze the complete circuit response, 
only the dominant pole is considered here. An approximate method of 
simply resolving the complete response of such circuits will be developed 
in Chapter 4. In general, the high resistance of the dynamic load makes 
the output circuit pole dominant, and it occurs at 


a re(Re + Re/B) + 2RrRe 


ae f 1 
P Om, Ray(2Re + Re) Ce eee 


3.3 Output Stages 


Following the input and intermediate voltage gain stages of an operational — 
amplifier, it is desirable to provide impedance isolation from loads. 
In this way the characteristics of the gain stages are preserved under 
load, and adequate signal current is made available to the load. As with 
any amplifier, the output stage provides isolation by presenting a high 
input impedance to the preceding stage and a low output impedance to 
the load. Accompanying this low output impedance must be the 
ability to supply the desired load current, and this capability is provided 
by the current gain of the stage. ‘To provide isolation without degrading 
high-frequency performance the output stage 1s generally chosen with 
low input capacitance and wide bandwidth. The most common output 
stages are some form of emitter-follower stage which is adapted to the 
output-stage requirements. Basic characteristics of the emitter fol- 
lower which also apply to output stages were developed in the preceding 


Fig. 3.10 Analysis model of the circuit of Fig. 3.9. 
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section. As described in that analysis, this type of stage provides the 
high input impedance, low output impedance, high current gain, and 
wide bandwidth needed for output stages. Improved capabilities for 
low quiescent current, high output voltage, and high output cur- 
rent requirements are achieved with modified emitter-follower stages. 
Another common output stage which will be discussed is the totem pole 
stage which provides both voltage gain and impedance isolation. 

Although the basic emitter-follower stage provides many of the desired 
output-stage characteristics, it requires a relatively large quiescent 
biasing current when the stage must be capable of supplying output 
currents of either polarity. Considering the class A emitter-follower 
stage of Fig. 3.11, it can be seen that negative output current cannot 
be supplied by the transistor and that the current is limited to that which 
can be drawn through the emitter resistor by the supply voltage. To 
supply a given output current at a negative output voltage the no load 
bias current level in Re must then be at least as great as the desired 
current. Then, output current is limited to 


V_— E, 
Re 
The quiescent bias current level which must be established to ensure the 
availability of this current with negative output voltages is even larger 


than I,. For output signals reaching Tomax and Eomax the required 
quiescent bias current Iga 1s 


II.| < for negative swing 


Vv 
Ipaq > 


—__—___——— I, max 3-28 
a Nex i |Eo ae | | ( 


In the event that only one polarity of output current 1s needed, high 
quiescent current is not required since output current above the quiescent 
level can be drawn through the transistor. However, for most opera- 
tional amplifiers bidirectional output swing is desired, and quiescent 
current levels lower than the output current are achieved with class B 
output stages. 


Fig. 3.11 Class A emitter-fol- 
lower output stage. 
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Fig. 3.12 Emitter-follower output stages biased as (a) a class B stage 
and as (b) a class A-B stage. 


Class B biasing of an emitter-follower output stage provides separate 
transistors to supply the two polarities of output current. As repre- 
sented in Fig. 3.12a, the class B stage can supply output currents of 
either polarity without being limited by the quiescent current level. 
In fact, class B biasing with bipolar transistors develops essentially no 
quiescent current since neither emitter-base junction is forward-biased 
with the input and output voltages at zero. Signal swing forward- 
biases the appropriate transistor to develop output current. However, 
at the crossover from one transistor to the other there is a range of 
input signals, approximately +0.5 to —0.5 V, for which neither transistor 
is turned on. In this range no output current can be supplied, and the 
output voltage remains at zero, resulting in crossover distortion as 
depicted in Fig. 3.13 for a sine-wave signal. Decreased distortion results 
when feedback is applied from the output to preceding gain stages, as 
the feedback reduces the time taken by the input signal to traverse the 
voltage range for which the output stage is turned off. However, to 


ES 


— 


Fig. 3.13 Crossover distortion 
of a sine-wave signal character- 
istic of class B bipolar transistor 
output stages. | | 
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eliminate the distortion it is most common to modify the stage bias and 
avoid the turned-off state. This is achieved with the class A-B biasing 
of Fig. 3.12b for which the added diodes provide a forward bias to the 
output transistors when the input signal is zero. With this bias one 
transistor begins turning on as signal swing brings the other transistor 
close to its turnoff point. Quiescent current in the class A-B case is 
controlled by the current biasing the diodes, by the relative voltage 
drops of the diodes and the output transistor emitter-base junctions, and 
by the emitter resistors. Generally the biasing diode junctions are 
smaller than the transistor emitter-base junctions and the diode voltages 
are greater at the quiescent current levels employed. 

Except for quiescent current levels, the class B or class A-B emitter- 
follower-stage characteristics are similar to those of the basic emitter- 
follower stage analyzed in the previous section. At any nonzero signal 
level only one of the two transistors of the class B circuit is supplying 
current, and this transistor is essentially the previously mentioned 
emitter follower loaded by a transistor which is turned off. For most 
of the typical output voltage range, one transistor of the class A-B stage 
is also turned off, and the circuit characteristics can be closely approx- 
imated, considering this condition. If the n-p-n transistor is considered 
to be conducting in the class B or class A-B stages of Fig. 3.12, the ac 
equivalent circuit of Fig. 3.14 results. In this equivalent circuit the 
reverse impedance of the p-n-p emitter-base junction is neglected since 
it is large compared with the output resistance of the conducting transis- 
tor. Also, the impedance of the biasing diode is small in comparison with 
the input resistance of Qi andis omitted. Asa result, the only significant 
effect. of the off transistor is that of its collector-base capacitance Ceo. 
The de characteristics of the class B or class A-B stage, such as gain, input 
resistance, and output resistance, are then the same as those developed 
for the simple emitter follower in Sec. 3.2. Input capacitances of the 
class B and class A-B stage are greater than:that of the single emitter 
follower expressed by Eq. (8-5). Adding C.2 to the emitter-follower 
input capacitance, 


The response pole frequency of Eq. (3-6) is also modified by the increased 
input capacitance and becomes 
2 Re + BRri 
"  26RiReC. 
A second basic type of output stage, the totem pole stage, is common in 


vacuum tube circuits and can be adapted to solid state circuits with a 
junction FET as shown in Fig. 3.15. As an output stage this circuit 


for Co = Cee Ri > Re (3-30) 
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Fig. 3.14 Ac equivalent circuit 
of the class B or class A-B 
emitter-follower output stages 
when only Q,; is conducting. 


provides voltage gain along with impedance. isolation. In the form con- 
sidered the totem pole stage is basically a common-emitter amplifier with 
a dependent current source load. Input resistance is that of the common- 
emitter bipolar transistor as approximated earlier by BR.. Both voltage 
gain and output impedance are improved by the dependence of the FET 
current source on the collector current of the common-emitter transistor. 
A signal increase in I, results in an increase in the magnitude of the gate- 
source voltage V,, and a decrease in the source current I,. The two 
current changes add to produce a greater change in output current. In 
this way the FET boosts the output current resulting from a given input 
signal. 

To develop expressions for the improved gain and output resistance 
the pi models of the two transistors, as presented in Figs. 3.7.and 3.8, are 
combined to result in the equivalent: circuit of the totem pole stage in 
Fig. 3.16. For the common levels of Rg and Ry a low-frequency analysis 
can be made, neglecting Ro and rgs. Using this approximation, the low- 


Fig. 3.15 Totem pole output 
stage. 
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Ry = BRe, Rote (A2*%e/*) 
R,+Re, 


Fig. 3.16 Ac model of the totem pole stage of Fig. 3.15. 


frequency voltage gain of the totem pole state is found to be 


_ (1 “+ gisRs) Rr 
R. = Re/B 


Comparing this result with the gain of a common-emitter transistor, as 
given by Eq. (8-12), it is seen that the addition of the FET to form the 
totem pole stage increases gain by a factor of 1 + g:,Rs. The output 
resistance of the circuit is found from the open-circuit voltage and short- 
circuit current of the model. In this case Ry is not included, and Ro and 
rgs cannot be neglected. From this analysis 


/ 
Rofas 


Tas + Rol + gisRs) 


_ Once again, the improvement provided by the dependence of I, on I, is 
represented by the 1 + g:,Rs term in Eq. (8-32). This dependence 1s 
removed by setting Rg to zero, leaving a fixed current source load on the 
common-emitter transistor. The output resistance of the totem pole 
stage 1s quite high compared with that provided by the emitter-follower. 
Both raz and Ro of the previous expression are of the order of 200 kQ, 
resulting in an output resistance of about 25kQ. Lower output resistance 
is provided by negative feedback to preceding gain stages, which 1s com- 
mon to most operational amplifier applications. 

The frequency response of the totem pole stage is fairly complex, 
because of the several capacitances of the circuit. However, the dom- 
inant response pole frequency can be readily found by neglecting the 
influences of other poles on this frequency. For the resistance levels 
normally encountered, the dominant pole results from the high Miller- 


Ao = for Rs + Ri <r, (1 — a) Ri<rg; (3-81) 


Ro = (3-32) 
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effect input capacitance of the common-emitter transistor. N eglecting 
the other circuit capacitances, and neglecting Ro and rg; in comparison 
with Rz, the input capacitance can be fouind, by using the procedure of 
Sec. 1.2, to be 

R. 


= (1+ 2t*)o, 


Then the response pole frequency is 


mn oe 27 (Rx |Re) Ci 
BRe + Re 


ag ener as SSL ee : 
> = dr8Ra(R. + Rs + Ri)C, ey 


For the typical case this pole frequency will be several megahertz whereas 
other response poles will result at least a decade higher in frequency. 
Other common output stages are generally specialized forms of the class 
A-B emitter-follower stage. High-voltage output stages, for instance, are 
frequently more economically realized by using several low-voltage tran- 
sistors in place of a high-voltage transistor. By connecting low-voltage 
transistors in series as in Fig. 3.17, the high voltage is divided between 
the transistors. As indicated on the diagram, the signal and supply 


+ 
(V+7E,)/2 


Fig.3.17 Series-connected emit- 
ter followers forming a high- 
voltage output stage. 
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voltage on each emitter-follower output transistor is reduced by a factor 
of 2 when the second set of emitter followers is added in series. The 
added transistors serve simply as voltage biases to the collectors of the 
output transistors. As the signal changes, these voltage biases are also 
varied by the input signal to ensure that the bias levels will not limit the 
output voltage range. The highest voltage developed on any one tran- 
sistor of this circuit will be one-half the total supply voltage when the 
output is at a voltage equal to one of the supply voltages. By adding 
even more emitter followers in series with the output transistors, the 
maximum voltage applied to any one transistor can be further reduced. 

Added output transistors can also be used to increase the output current 
capability of an operational amplifier. Although higher-current transis- 
tors could also be used, it may again be more economical to use several 
low-current transistors. In this case transistors can be connected in 
parallel to divide the output current between two or more transistors, as 
in Fig. 3.18. Care must be taken with this technique to ensure that the 
output current divides equally between the paralleled transistors. The 
current division is largely controlled by the separate emitter resistors used 
with each transistor. If one emitter resistor were shared by two parallel- 
connected transistors, the current division would be determined only by 
the temperature-sensitive emitter-base voltages. In the latter case the 
transistor conducting the higher current would reach the higher tempera- 
ture, resulting in an even further increase in its current. To avoid this 
condition when high output currents are being supplied, the emitter 
resistors are chosen to develop voltage drops under load which equal a 
large portion of the emitter-base voltage. 

As higher voltages and currents are supplied by output transistors their 
power dissipations reach levels for which silicon p-n-p transistors are com- 


V+ 


Fig. 3.18 Parallel-connected 
emitter followers forming a 
high-current output stage. 
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Fig. 3.19 Output stage using a 
p-n-p—n-p-n feedback pair for a 
high power p-n-p. 


monly more expensive than the n-p-n counterpart or more difficult to 
achieve in monolithic form. In this case it may be desirable to replace 
the p-n-p transistor with the p-n-p—n-p-n feedback pair combination of 
Fig. 3.19. The p-n-p of the combination controls the output voltage at 
its emitter much as a single p-n-p power transistor would. However, the 
output current is conducted primarily by the n-p-n of the combination 
which is driven by the p-n-p collector. Only the n-p-n base current is 
supplied by the p-n-p and so it can be a low-power transistor, and the 
n-p-n will be the high-power transistor. | 

In many operational amplifier applications the load does not have to be 
grounded, as is the case for speakers and relays. For these applications 
it is possible to use a differential output which doubles the output voltage 
swing available to the load and isolates the load from ground. A differ- 
ential output stage can be made by using two output stages which are 
driven from opposite sides of a differential stage, as represented in Fig. 
3.20. Any of the output-stage forms discussed can be used. Since the 
two outputs have opposite phases, the differential output voltage is twice 
that developed from either output to common. The peak-to-peak output 
swing can then be greater than the total supply voltage and approaches 
twice the total supply voltage as a limit. When an operational amplifier 
with a differential output is used, an additional offset voltage may result. 
If feedback is applied to only one of the outputs, a differential output off- 
set voltage results from the difference in offsets of the two signal paths 
through the amplifier. Unless additional circuit balancing is performed, 
this offset can reach hundreds of millivolts. When differential feedback 
is applied from both outputs, this offset term is avoided although the 
quiescent output levels will have a common-mode offset voltage from 
common. An additional common-mode feedback loop can be employed 
to reduce significantly the output common-mode offset voltage. 
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Fig. 3.20 Differential class A-B output stage. 


3.4 Output Current Limiting 


For operational amplifier output stages, such as those described in the 
preceding section, the ability to supply current to a load is limited by the 
safe operating temperature of the output transistors. In operation the 
actual temperature of the transistors is determined by the ambient tem- 
perature, the power dissipation within the transistors, and the ease with 
which heat is conducted away from the transistors as expressed by thermal 
resistance. For a given package configuration the thermal resistance is 
fixed and the permissible transistor power dissipation is then set by the 
maximum ambient temperature to be encountered. In general, the power 
dissipation in operational amplifier output stages is controlled by current 
limiting. The necessary current-limit level depends upon the operating 
load conditions for which protection is needed. For a given transistor 
power dissipation limit the maximum allowable output current is deter- 
mined by the voltage across the transistor in its current-limited state. 
This voltage is determined by the load condition, as will be seen. 

In addition to normal operating load conditions, fault conditions such 
as an output short circuit to common or to a power supply are commonly 
considered in selecting a current-limit level. For a positive signal and 
normal load conditions, the power dissipation in transistor Q, of the class 
A-B output stage of Fig. 3.21 will be 


P, = I,(V, = Eo) = I,(V4 = I,Rxz) for Ry > R. 


Differentiating this expression with respect to I,, the output current 
resulting in maximum power dissipation is found. This current repre- 
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Fig. 3.21 Class A-B emitter- 
follower output stage under 
positive signal swing. 


sents the output current limit I,, needed for normal operating load con- 
ditions and is expressed by 


(3-34) 


Using this result, the minimum load resistance which may be connected 
without exceeding this current in the unlimited stage is 


V2 


R min — 
AP, max 


Then, as long as the load meets this condition, no added protection is 
needed for the output stage. However, if capacitive loads are encoun- 
tered, the high-frequency load impedance must be observed to avoid 
excessive output current drain. Similarly, accidental output short cir- 
cuits can cause output current to exceed the above limit. To protect the 
output stage under such conditions the output current must be limited by 
additional circuitry. In general, the output current limit is set to provide 
protection under short circuit or capacitive loads to common. For this 
case, the voltage across Q, in Fig. 3.21 can reach essentially V,, assuming 
Reis small. Then the output current must be limited to 
Py max . . 
l= vy. for short circuit to ground (3-35) 
A | 

In some cases it may be desirable to provide output protection permitting 
capacitive loads returned to a power supply voltage or merely permitting 
short circuit to this voltage. In that event the voltage across the output 
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transistor could reach V, — V_ and the output current limit would be 
set at 
Py max 
Lp = = for shorts to supply (3-36) 
V,— V- 

Several types of current-limit circuits are in common use for operational 
amplifiers, with the choice between them being determined primarily by 
the limiting precision needed and the limit-circuit complexity. Limiting 
precision relates the final limited current level to that current at which the 
limit circuit first begins to affect output current. As such, the ability of 
the current-limit circuit to control power dissipation without disturbing 
signals nearing the limit is determined by the precision of the limiting 
circuit. For efficient high current outputs it is desirable to use an accu- 
rate limit which permits signal currents that are close to the limiting 
level. When signal current levels result in transistor power dissipation 
which is well below its limit, a less efficient current limit can be used. 
Such an approximate current limit is provided by adding resistors in 
series with the collectors of the emitter-follower output stage as in Fig. 
3.22. Resistive limits of this type simply limit the power dissipation in 
the transistor by linearly decreasing the voltage across the transistor, as 
the current increases, until the transistor saturates. 

For an output short circuit to ground the current is limited by collector 
resistors to 

Ve VS 


LS Ro or Ro for Roc > Re 


Fig.3.22 Resistive current limit 
applied to an emitter-follower 
output stage. 
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Limiting of output current under signal voltage swing occurs at lower 
levels, expressed by 


Li =———~«Ofor=zEL>O0 (3-37) 


Although this current limit under signal swing is far less than that for a 
grounded output, the limiting efficiency is not as poor as this comparison 
might suggest. The usable output signal current is instead compared 
against the limiting current which occurs at the point of maximum 
transistor power dissipation, since this dissipation is the true limiting 
factor. Power dissipated in Q; is 


P,=1,(V+—LRe)  forl, = Ic 


and the output current at the point of Pimax is limited to 


Substitution of this result in the expression for P, defines the collector 
resistance needed for protection as 


V2 


= -38 
AP, max C 


Re 


For typical output voltage ranges and supply voltages, the ratio of this 
last hmiting current to the usable output signal current is about 2.5:1. 
Using the same power dissipation limit, an ideal current limit would 
permit signal currents 2.5 times as large as those provided by the resistive 
limit under peak output voltage swing. 

More precise current limiting is provided by nonlinear circuits which 
clamp the output current, as do D3 and D, in Fig. 3.28. Operation of 
the limit circuit is initiated by the voltage developed on Rx by the output 
current. As the current in Q; increases, this voltage drop will eventually 
forward-bias D3; as expressed by 


Vr3 = I.Re + Vaei — Vri 
= LRe for Vari = Vri 


Conduction of D3 shunts the biasing current provided by J), limiting 
the base current available for Q; to that level needed by the transistor 
to keep D; forward-biased. Output current is then limited to 

Tox =a (3-39) 


where 
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Fig. 3.23 Diode clamp output 
current limit. 


In this case the ratio of the final limiting current to that at which the 
output signal is first affected is around 1.2:1. The precision of this 
limiting circuit is primarily determined by the forward resistance of D3. 
Although much greater precision is provided by the diode clamp, its 
current limit is fairly temperature-sensitive because of the thermal 
dependence of Vgz in Eq. (8-39). Fortunately the temperature coeffi- 
cient is negative, about —0.3:%/°C, and helps to control the transistor 
junction temperature by lowering the limiting current as ambient 
temperature increases. Similar limiting characteristics are achieved 
with the transistor clamp of Fig. 3.24. Voltage developed on Rr by 
the output current turns on a clamp transistor which then shunts the 
bias current away from the base of the output transistor. The precision 
of the current limit and its temperature dependence are determined by 
the emitter-base junction of the clamp transistor in the same way as 


Fig. 3.24 Transistor clamp out- 
put current limit. 
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these characteristics were established by the clamping diode above. 

Another popular type of output current limit, known as the foldback 
limit, forces the current below its initial limiting value once the limit 
has been reached. Although such operation reduces power dissipation 
under limit, it has characteristics which make it undesirable for opera- 
tional amplifiers. First, the foldback limit can have two stable states 
such that removal of the overload will not necessarily turn off the hmit- 
ing circuit, and power supply removal may be necessary to deactivate 
the limiter. Also, upon driving a capacitive load at high frequencies 
the output current will frequently reach the limit. In such a case a 
foldback limit reduces the capacitor charging current and slows the 
- output response. | | 

As mentioned, the effectiveness of a current-limit circuit is measured in 
terms of how well it limits current without disturbing output signals 
which are below the limit. The lack of limiting precision and capaci- 
tance loading or storage effects are the principal limiter characteristics 
which affect output signals below the actual limiting level. As dis- 
cussed above, precise limiting is commonly hampered by resistances in 
the limiting circuit. Capacitances of diodes or transistors used for 
current limiting can alter small-signal response by capacitive loading, 
or they can result in time delay during overload recovery because of 
discharge times. As a result, the current limit must be tested at high 
frequency when making a choice between limiting techniques. For 
operational amplifiers the test should be performed without heavy 
feedback, since the loop gain causes the amplifier to correct for distortion 
introduced by the current-limiting circuit. 


4 


MULTISTAGE OPERATIONAL 
AMPLIFIERS 


In the preceding chapters the differential and single-ended stages used 
in operational amplifiers have been described. By combining such stages 
in a wide variety of ways, multistage operational amplifiers can be 
formed to realize different combinations of performance characteristics. 
Characteristics of the complete amplifier are determined by those of 
all the separate stages which have been previously considered. In 
this chapter the ways in which individual-stage characteristics combine 
and interact to determine overall amplifier performance are analyzed. 

Operational amplifier performance characteristics derived in the fol- 
lowing sections from those of the composite stages include voltage gain, 
frequency response, input dc offsets and drifts, and noise. Also dis-_ 
cussed are the improvements in de error characteristics provided by the 
addition of an ac-coupled modulated carrier stage at the amplifier 
input, as commonly employed in chopper-stabilized and varactor diode 
amplifiers. In the case of voltage gain, the net amplifier gain follows 
directly from the separate stage when interstage loading effects are 
included. The overall frequency response of an operational amplifier, 
however, is not readily developed from the individual stage responses 
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because of complex interaction between the stages. This interaction 1s 
complicated primarily by the variation in Miller-effect input capaci- 
tance with frequency. More direct interaction occurs between the de 
bias characteristics which create de input errors and drifts. The biasing 
input voltages and currents of a loading stage change the quiescent 
current level of the loaded stage, developing new de errors. By com- 
bining the effects of the various de errors in this way, the equivalent 
input offset voltages, the bias currents, and offset currents, as well 
as the thermal drift of each, can be predicted for operational amplifiers. 
In a similar manner the noise voltages and currents of the stages of an 
operational amplifier can be represented together in an equivalent input 
noise voltage and current. Continuing the equivalent input character- 
istic representation, the improved de error characteristics of chopper- 
stabilized and varactor-type operational amplifiers are described. By 
ac-coupling the input, such amplifiers avoid the direct effects of input 
stage voltage and current biases. In these cases the de component of 
the signal is transferred by a modulated carrier. 


4.1 Gain and Frequency Response 


Extensive interaction between ‘the cascaded stages of an operational 
amplifier greatly alters the individual stage response characteristics. 
Therefore, a direct combination of the separate stage responses developed 
in Chapters 1 and 3 cannot be used to resolve the overall gain and fre- 
quency response of the amplifier. Such interaction is most pronounced 
for frequency response and less significant for other amplifier character- 
istics. Input and output resistances of an operational amplifier are 
essentially determined by the input and output stages, respectively. 
Somewhat more sensitive to stage interaction than Ro and Ry is the low- 
frequency voltage gain of the amplifier. Since the input resistance of a 
loading stage shunts the load resistance of the preceding stage, the gain of 
the first stage is decreased when stages are cascaded. The low-frequency 
gains of the individual stages when cascaded then follow from the results 
of previous chapters by including the shunting effect. Thisis achieved by 
replacing the collector to drain resistor terms of such expressions with the 
parallel combination of that resistor and the loading-stage input resistance 
Rie. For the basic differential stages the low-frequency differential 
voltage gains of Eqs. (1-2) and (1-9) become 
—Rei||Riz 


Ao1 = Ra + Roi/s: for Rei|| Rie <K Tei(l = ai) (4-1) 


or 


— gte1(Roil| Rr) 
Ao. = —___— 2 4.2 
01 are for Roi||Rie < rasi | (4-2) 
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where the subscripts 1 and 2 denote the two stages. The single-ended 
common-emitter or common-source stages have the same gain expressions 
as their differential counterparts, as indicated in Sec. 3.2. The input 
resistances lowering the gains above are as derived for the various stages 
in preceding chapters. In general, the input resistance of a loading FET 
stage c: 1 be neglected since this 101!- resistance level is far greater than 
practical collector or drain resistances. For a bipolar transistor differ- 
ential loading stage the shunting resistance from Eq. (1-4) is 


Rie = 262Ree for Ree||/ Ris K ree(1 — ae) 


One-half of this resistance is presented as a load by the single-ended 
common-emitter stage as expressed in Eq. (3-14). In a similar manner, 
the low-frequency common-mode gains of cascaded differential stages are 
written from Eqs. (1-32) and (1-37) as 


— Re1||Rreme Rei Yo1 
Aoem1 = ——— for —— R == 
Ocm1 Rou, or 2B, <K Homi <K< 9 
Reil|Rremz K Per(1 — ai) (4-8) 
or 
—R R cm 
Aoem1 = = Roi Rion for 2¢t1Rcm1 > 1 Rpi||Rieme “Kasi (4-4) 
2Rem1 


Once again, if the loading stage is an FET type, the input resistance 
loading is negligible. For a bipolar transistor differential loading stage, 
the loading resistance from Eq. (1-27) will be 


Rieme = B2Reme for Rce||Riem3s K Yeo(1 — ae) 
282Rcme <K Yee 


When the loading stage is a single common-emitter transistor, the loading 
resistance is approximately 6.R.2 as before. 

Since the loading interaction is included in the low-frequency gains of 
stages, the overall operational amplifier gain is simply the product of 
these gains: 

Ao = AoiAo2 «+ * Aon 


However, it should be noted that the total gain of a differential stage is 
not combined with that of the amplifier when this stage drives a single- 
ended rather than a differential loading stage. In the typical operational 
amplifier of Fig. 4.1, only one-half of the second stage drives the following 
stage. Asaresult, the gain provided to the amplifier by the second stage 
is one-half the differential gain of the stage. Overall amplifier voltage 
gain from the four stages is then 


_ AorAorAosAos 


Ao 5 
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where the individual-stage gains include loading effects as given in Kas. 
(4-1) and (4-2). Since most operational amplifiers have single-ended 
outputs, this conversion from differential to single-ended stages is com- 
mon. The overall common-mode gain of an operational amplifier in the 
balanced case is composed of the common-mode gains of the differential 
stages and the ordinary voltage gains of the single-ended stages. No 
modification of this gain results from the transition to single-ended stages 
since both differential-stage outputs swing the entire common-mode out- 
put voltage. The resulting low-frequency common-mode gains of the 
circuits in Fig. 4.1 for the balanced case will be 


Aocm = Aoem 1AcemeAo 3Ao 4 


However, the response of an operational amplifier to common-mode 
signals is significantly altered by circuit unbalances, as discussed for 
differential stages in Sec. 1.4. These unbalances largely determine the 
common-mode rejection of the amplifier. Representing the stage 
unbalances as a difference between the gains presented to a common- 
mode signal by the two sides of a stage, the outputs of the first stage of 
either circuit in Fig. 4.1 for a common-mode input signal will be 


Eicomt as AcmiHiem 
Eoa1 = AAcmi Kiem 


V_O 


Fig. 4.1 Typical operational amplifier circuit. 
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The differential output Eogi resulting from circuit unbalances is then 
multiplied by the high differential gain of the remaining portion of the 
amplifier. Much less amplification is received by the common-mode out- 
put Eocmi because of the common-mode rejection of the second stage. At 
the single-ended output of the second stage the combined signal is 


Koo = Acm2Koem1 + AsEKoai 
= (AcmiAcme + AAcm1A2) Kiem 


From this point, the combined signal is amplified by the remaining single- 
ended gain, giving an overall amplifier common-mode gain of 


Ko 
E icm 


With typical circuit unbalances of several percent the common-mode gain 
for the types of circuits considered is primarily deterrmined by the 
unbalances represented in AAgmi above. As a result, common-mode 
rejection is principally controlled by first-stage component matching in 
typical operational amplifiers. 

High-frequency interaction of the stages of an operational amplifier is 
complicated by the frequency-dependent Miller-effect input capacitances 
of the stages. Cascading two bipolar transistor differential stages and 
using the stage model of Fig. 1.10 result in the equivalent circuit of Fig. 4.2 
for differential signals. From the three separate segments of the circuit, it 
can be seen that three time constants are present in this model, predicting 
response poles at 


Acm = = AcmiAcmeA3A4 + AAcmiA2cA3A4 


1 
mre emi 
*  Q(Rr1||2Re) Cr 
1 
f oa en er ee ae ee 
~ 2m (Roil| Rie) (Cre + Ce1/2) 
ee 
a TRo2Cee 


where 


Ro = Ro||2Rc Re = 2X. 


Fig. 4.2 Differential signal model of two cascaded bipolar transistor differential 
stages. 
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However, the actual response of the cascaded stages is complicated by the 
fact that Cri and Cy. are not fixed capacitances but are frequency 
dependent Miller-effect capacitances. Input capacitance expressed by 
Hq. (1-16) is modified. by the loading of the following stage input imped- 
ance to be of the form 


VIVAT 
Cn = ( eo ae) : (4.5) 
where 
Ve — Ror Ting = — Rn 
2 + jwRoiCe 1 + jJoRreCre 


Note that the interaction does not necessarily end with the two directly 
connected stages. From the above expressions it is seen that Cy; is a 
function of Cy, through its dependence on Zye, and Cy. will be similarly 
dependent upon any additional stages. As a result, the frequency 
response of each stage is influenced by every stage following it. Essen- 
tially the same interaction occurs for cascaded FET stages since their 
input capacitance representation in Sec. 1.218 of the same form. Because 
of the complexity of the above interaction, a general solution for the 
frequency response of cascaded stages is not very useful. Instead, 
approximate solutions for specific cases can be found. | 

Some general observations about the effects of the frequency-dependent 
input capacitance upon frequency response permit simplifications when 
considering specific circuits. For a differential stage with a fixed load, 
Ry and Cy, the input capacitance from Eq. (1-16) will be 


Cy =(1 ore =)> ; (4-5) 


Re 


where 
ges a OE ae 
2 + jw(Ro||Rxr) (Cr + C.) 


In this case Cy will vary as shown in the logarithmic plots of Fig. 4.3 
over the range of 


Zo||Zu = 


7 <c < (1 ae eS 


2R 


Since it is the shunting effect of C; which creates a response pole, its reac- 
tance is also plotted. Input capacitance is decreased from its low-fre- 
quency value as shown by the falloff of stage gain. The gain reduction is 
created by capacitive shunting of the load resistance. From the above 
expression for C; its response pole is seen to be that of Z.||Zz which is 


J 


i a(Ro|| Rx) (Ci + Ce) 
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R,||R 
(14 oll -) £ 
2 R, 2 


C, 


Ue STRAIGHT LINE 
APPROXIMATION 
ACTUAL 


Paes 
Cin 


Fig. 4.3 Frequency dependence 
of differential-stage input ca- 
pacitances and its reactance. 


Above f, the input capacitance becomes inversely proportional to fre- 
quency, resulting in a constant reactance as shown. A reactance which 
is constant with frequency is resistive and will not create a frequency 
response pole. After C; decreases to its lower limit of C,/2, the reactance 
is again capacitive. 

From these considerations it can be seen that C; can create a response 
pole only outside the frequency range of f,; to fz, using the straight-line 
approximation shown. Frequency response poles created by Ci are then 
developed with essentially the end point limiting values of Cy indicated. 
If the pole of the input capacitance occurs before that of the output 
circuit, below f1, then C,; creates this pole with essentially its low-fre- 
quency value of 


Ro|| Rx 


On = (1 = OR, 


ad 5 for a bipolar differential stage (4-6a) 


Similarly the low-frequency values of input capacitances for other types 
of stages can be defined. From Eqs. (1-22), (8-17), and (8-23) they are 


Cit = E ss puoi het | Se a for an FET differential stage (4-6b) 


2(1 + g1:Rs) J 2 
Ro||Rx 
Cr, = {1 + —— R C, for a common-emitter stage (4-6c) 
Ci, = E + ce Cea for a common-source stage (4-6d) 
1 + gisRs 


When frequency then reaches f,; and the stage output circuit pole breaks, 
the shunting effect of Cz stops varying with frequency as represented by 
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its reactance curve. In other words, a response zero is developed coin- 
ciding with the output circuit pole. If the pole due to C; does not occur 
before that of the output circuit at f1, the pole associated with Cy will 
occur above f. with the constant term of Cy representing its high-fre- 
quency limit of 


Cin = = for a bipolar differential stage (4-74) 
Cin = ee for an FET differential stage (4-7b) 
Cin = C, for a common-emitter stage (4-7c) 
Cin = Cea for a common-source stage (4-7d) 


No input circuit response zero is developed in this case since the reactance 
of C; did not present a significant shunt prior to f;. To determine which 
of the two approximations applies in a given case, the resistance shunted 
by Cy.can be compared with a reactance plot such as that of Fig. 4.38. A 
response pole results at that frequency for which the reactance of Cr 
equals the resistance shunted by the capacitance. 

Since the input capacitance of a differential stage can be approximated 
by a fixed input capacitance in a specific case, as described, this type of 
representation can be applied to resolve an approximate frequency 
response for a given operational amplifier. Beginning at the amplifier 
output, the pole of the last stage is found first. Then the pole resulting 
with the input capacitance of the preceding stage is approximated by 
comparing possible pole frequencies with the above output circuit pole. 
If the pole which would result from the low-frequency value of input 
capacitance Cyr, of Eqs. (4-6) is at a lower frequency than that of the 
output circuit pole computed earlier, this input circuit pole is a good 
approximation to the actual response pole. In this case the previously 
computed output circuit pole is accompanied by a zero in the input 
circuit and creates no net response change. A second pole would then 
occur in the input circuit when C; reaches its high-frequency limit, Cin 
of Eqs. (4-7), and this is resolved by substituting this capacitance for Cr. 
In the opposite case from that just considered, the pole frequency com- 
puted above using Cyz is above that of the output circuit pole, and the 
input capacitance creates a pole only with its high-frequency limit Cin. 
For response considerations in the latter case Cry is substituted for Cr. 
In either case a net two-pole response results with the high-frequency 
pole determined by Cyy and the low-frequency pole set by either Cry 
or the output circuit pole, whichever comes first. | 

Applying the above procedure to the amplifier of Fig. 4.4 such a 
response will be developed. The emitter-follower fourth stage, as ana- 
lyzed in Chapter 3, presents a load to the third stage which is the parallel 


Multistage Operational Amplifiers 127 


combination of 
Ria = 6.R1 and Crs = 2Cc4 


This load combines with the output circuit elements of the third stage 
which are included in the model of Fig. 4.5a from the same chapter. 
From Eq. (3-27), the unloaded output resistance Ro; shown is defined by 


Tes Res + Ra3/B3 
2 Res Bi Re3 


where Re3 = Ro2z/2 in this case from the model. One frequency response 
pole results from the fourth-stage loading above, and from the model the 
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Fig. 4.4 Typical bipolar transistor operational amplifier. 
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pole frequency will be 
2m (Rra|| Roa) (2Ce4 + 2C <3) 

The resistance determining fps, Rrs||Ro3, is quite high because of the 
current source load of the third stage and the emitter-follower isolation 
provided by the fourth stage. As a result, the output circuit pole of 
the third stage, fp4, is commonly at a lower frequency than that due 
to its input capacitance and the relatively low driving resistance normally 
presented by the second stage shown. Then for response calculations 
the input capacitance of the third stage can be approximated by its 
high-frequency limit of 


fp4 


Crs = Cin = Cys 


As represented in Fig. 4.5b, this capacitance and the input resistance Rr; 
combine with the output elements of the second-stage model to form 
the next pole. This equivalent circuit results from the differential 
signal model of Fig. 1.10 with the output elements adjusted to coincide 
with the single-ended loading. From this circuit model the pole asso- 


Roo /e@ 


2C cg 


Fig. 4.5 Analysis models of the operational amplifier of Fig. 4.4 for (a) the third 
stage, (b) the second stage, and (c) the first stage. 
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ciated with third-stage input capacitance occurs at 


1 

tps 2m (R13||Ro2/2) (Cee a Ces) 

Because of the low capacitance and relatively low resistance creating 
. the above pole in the second-stage output circuit, it is commonly higher 
in frequency than the pole due to the second-stage input circuit repre- 
sented in Fig. 4.5c. Input capacitance of the second stage at the asso- 
ciated pole frequency would then be at its low-frequency limit Cir 
since the pole at f,3 would not yet have reduced second-stage gain and 
Miller-effect capacitance. Thus, for calculation of this pole, 


sae) Cor 
Crp = {1 + ——— } — 
w= (1+ 42x) S 
Using the circuit model, the pole frequency is found to be 
1 
fp2 


However, when the load of this stage is bypassed at a higher frequency, as 
occurs at f,3; above, Miller-effect capacitance Cy. also decreases, result- 
ing in a response zero defined by 


fo1 = fp3 
The decrease in Cy ends when its high-frequency limit of C.2/2 is reached 
and a new input circuit pole occurs at 
fo = ; 
ee m(Roil/ Rr) (Cex ae Ce2) 
The remaining response pole of the amplifier considered results from the 
reaction of the first-stage input capacitance with the stage input resis- 
tance and the net source resistance presented to the two amplifier 
inputs. As modeled in Fig. 4.5¢c, Cy, will cause a pole at 
_ 1 
2m (Rr1||2Re) Cr 
Depending on the source resistance level, Cz; can be approximated by its 
upper or lower limit, as done above for the other stages. 
From this frequency response analysis and the preceding operational 


amplifier low-frequency gain analysis, the overall gain can be approxi- 
mated by 


fot 


Ao 1Ao 2Ao 3Ao 4 


f f f f 
eee aoe MIS Gi ate 1 - 
2(1+i--) (1+iz) (.+i;-)( iz) 


A(jw) = 
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where the canceling effects of f,3 and f,1 are omitted. The approximate 
frequency can be drawn using a straight-line approximation as in Fig. 4.6. 
Straight-line approximations of response curves are made, using the 
common Bode plot techniques. These techniques are reviewed in the 
next chapter with operational amplifier phase compensation discussions. 
As will be discussed there, the buildup of phase shift from multiple 
amplifier poles, such as those of the response shown, creates the need 
for phase compensation to ensure frequency stability when the opera- 
tional amplifier is operated at lower closed-loop gain levels under feedback. 


4.2. DC Input Errors and Thermal Drifts 


Each stage of an operational amplifier has de input errors including an 
input offset voltage, input bias currents, and an input offset current 
which have thermal drifts as discussed in Chapter 2. The de error 
components and drifts of each stage contribute to the overall amplifier 
de errors and drifts. By referring the contribution of each stage to the 
amplifier input, the total equivalent input de errors and their drifts 
are found. This representation provides a measure of the overall 
amplifier de error and drift which is independent of the amplifier appli- 
cation. To consider the reflection of dc errors to the input of an opera- 
tional amplifier, the two-stage circuit of Fig. 4.7 is used. The results 
to be thus obtained for first-stage input errors due to the second stage 
will also hold for second-stage input errors caused by a third stage and 
so forth. In this way the results of the analysis may be extended to an 
amplifier with any number of stages. Note that the voltage between 
the first-stage collectors in the diagram is constrained to equal the 
second-stage input offset voltage, rather than to be a voltage equal to 
the first-stage offset voltage multiplied by its gain. This constraint 


(Ao Ao2 Ao3 Pos 
2 


pi A| (dB) 
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-60 dB/ DECADE 
Fig.4.6 Straight-line frequency 


response approximation for the 
amplifier of Fig. 4.4. 
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establishes a 0-V output as defined for an amplifier input which equals 
the equivalent input offset voltage Vosi. In practice, de feedback 
around an operational amplifier actually holds the differential de input 
voltage essentially equal to the equivalent input offset voltage in order 
to prevent saturation of the output by very high-gain amplification of 
offsets. Even for output signals over the full output range, this de 
input voltage remains quite close to the equivalent offset level. Only 
small changes in the de differential input voltage are needed to develop 
full output swings since the typical de open-loop gain is quite high. 

It will be seen that, because of the gain loading effect of one bipolar 
transistor stage on another, the equivalent input offset voltage contribu- 
_ tion of an intermediate stage is not simply its offset voltage divided by 
the voltage gain preceding it. This approximation typically holds if 
the loading is the high input impedance of an FET stage, but for a 
bipolar transistor loading stage the current unbalance created by the 
loading offset voltage in the preceding stage has to be considered to 
find the effect on equivalent input offset voltage. Adding to this 
current unbalance will be the input offset current of the loading stage. 
The equivalent input offset current resulting from loading stages can 
also be found for bipolar transistors stages by considering this current 
unbalance created by loading. When the equivalent input de errors 
due to intermediate stages have been found as described, the results 
hold for either bipolar transistor or FET loading stages. 

Unbalanced stage currents result from mismatches in load resistors 
and from the input offset voltage and current of the loading stage. 
For the small unbalances typically encountered, each effect may be 
separately considered to simplify the describing expressions. Since the 


Fig. 4.7 Two-stage section of 
an operational amplifier. 
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first-stage differential output bias in Fig. 4.7 is virtually fixed by the 
second stage as mentioned earlier, a collector-resistor mismatch in 
the first stage will unbalance the stage currents by 


_ AR 
Rui 


Considering next the second-stage offset voltage, it unbalances the first- 
stage load voltages, establishing a differential current of 


Vv 
Al, = —— due to Voss 
Rui 
Finally, because of input offset current of the loading stage, there results 
an additional first-stage current unbalance of 


Al, = Tose A Alpe due to Tose 


Depending on the direction of unbalance, each of the above factors adds 
to or subtracts from the others, resulting in a net stage current unbalance 
of 


Al, I, due to ARz1 


AR11 Vose 
Alp = ——I]+— 

ee Rg eee 
for differential loading. The thermal sensitivity of the unbalance, found 
by differentiating the last expression, results from the input offset voltage 

and current drifts of the loading stage as expressed by 

d 1 dVos2 dIose 
— Ali = —— + —— 

dT ™ ” Rr dT ~ aT 
If the loading stage is single-ended, such as the case in Fig. 4.8, the de 
feedback controls the current in the loaded side of the first stage to provide 
the 0-V output. The first-stage current unbalance is determined by this 


+ Toss (4-8) 


(4-9) 


Fig. 4.8 Differential stage 
loaded by a single-ended stage. 
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feedback constraint and by deviations from nominal biasing values. 
Since the voltage on the first-stage collector resistor is again fixed by the 
loading stage, a deviation in the load resistor Ry; from nominal unbalances 
the first-stage currents, as did the resistor mismatch previously con- 
sidered. Differences in second-stage input bias voltage and current 
from their design nominals will unbalance the first-stage currents in the 
same manner as did the input offset voltage and current of a differential 
loading stage. An additional contributor to the current mismatch will be 
any deviation in the total stage current Icm, from its design center. 
Considering all the above for a single-ended loading stage, the total 
current unbalance in the loaded stage will then be 


AR AV AV 
Alig = | oe poe) ie + Alpe + Alou 


Rui Ri 
for single-ended loading (4-10) 


In general, the emitter-base voltage will be within 20 mV of nominal for 
no significant variation in its current. The other deviations are deter- 
mined by component tolerances. The principal temperature sensitivities 
of this unbalance are due to drift in the input biasing voltage and current 
of the loading stage as found by differentiating the result of Eq. (4-10) to 
get 


d 1 dVere dV re | dI pe 
— a + - 
dT Alis = ( dT °° aT ) — qT ot 
where 
dVpx ~22mV/°C 


aT 


For both the differential and single-ended bipolar transistor loading stages 
considered above, the major sources of the current unbalances are the 
loading-stage input current terms. 

In the case of FET loading stages, such as in Fig. 4.9, for the single- 
ended case, similar current unbalances result, causing offsets and drifts. 
The input current of a loading FET stage consists of only the gate leakage 
current, which is negligibly small, as compared with bipolar transistor 
loading for which offset current loading transmits the dominant loading 
effect. Otherwise, the current unbalances developed by FET loading 
stages parallel those derived previously. Considering Eq. (4-8), the cur- 
rent unbalance for the analogous FET loading will be 

ARu1 Vose 

et 

for differential FET loading. The thermal drift of the unbalance is due 
only to the input offset voltage drift of the loading stage as indicated by 


(4-12) 
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Fig. 4.9 Single-ended FET 


stage. 
its derivative 
d 1 dVose 
— Aly = — — as 
dt Ree dT (eH) 


Similarly, when the loading is single-ended as represented in Fig. 4.9, the 
current unbalance follows from Eq. (4-10) and will be 
AV AV 
Alis = ae + Alou (4-14) 
Rui 

for single-ended FET loading. Once again the stabilities of the loading 
stage input bias characteristics determine the drift of I, as shown by the 
derivative below: 


a _ 1 Wes , Re dle 
dT Ri, dT ~ Ry AT 


(4-15) 


Using the preceding current unbalance representations, the dc bias 
loading effects of bipolar transistor and FET stages can be added to a | 
loaded-stage current for cases of both differential and single-ended load- 
ing. By combining the effects of such loading with the input bias charac- 
teristics of bipolar transistor and FET differential stages developed in 
Chapter 2, the total equivalent input offset voltage, bias current, and 
offset current can be found for operational amplifiers formed by any com- 
bination of stages. Associated thermal drifts are similarly resolved. 
The. input offset current of a bipolar transistor operational amplifier 
results from the collector current unbalance described above and the beta 
mismatch discussed in Sec. 2.3. The total input offset current is 


AI A 
gent 4 Det 

Bi Bi? 
For small current unbalances, the input bias currents, on the other hand, 
are not appreciably affected by the loading stage, and the input bias cur- 


Ty (4-16) 


Tosi = 
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rents of the operational amplifier are essentially those of the unloaded 
input stage, which are 
I, 
Ip. = — 4-17 
Bl By ( ) 
Thermal drifts of the input currents result from the temperature sensi- 
tivities af beta and the current unbalance as described in Chapter 2. 
From Eq. (2-29) the input bias current drift of an operational amplifier 
having a bipolar transistor input stage is 


dIpi 1 te) 
a —_— ——. = 95°C z 
iT ( iT Ip = CIzi( ) (4-18) 


where 
C = —0.005/°C TS 25-6 
C = —0.015/°C. T= 25°C 


The offset current drift of a balanced stage in Chapter 2 was approx- 
imated as 


dIos 
dT 


= Clos (25°C) 


As discussed in that earlier analysis, this relationship holds for the drift of 
the second term in the offset current expression of Eq. (4-16), and the 
drift of the total equivalent input offset current for bipolar transistors 


becomes 
dIosi 1d Ali =) Ge ) 
ss es Ray cei etna pe tb 
av (5 ape gear) ~~ aa 


The second term of this result can be simplified, using the beta tempera- 
ture coefficient approximation used in Eq. (4-18). Then 


dlos: 1/4 (48: ) 
vost = (Sal — Can) + 0(S2 1, 


25°C 


(4-19) 


25°C 


The equivalent input offset voltage is created by mismatches in 
emitter-base voltages and emitter degeneration resistors along with the 
stage current unbalance discussed above. The current unbalance results 
in an offset voltage as related by the stage transconductance in the form 


Vosi = Ali Rex due to Ali Rey = Rei + fer 
Unequal emitter degeneration resistors produce a direct input offset of 


Vos1 = I, ARr1 due to ARgi 


Combining the last two expressions with emitter-base voltage difference 
gives 
Vos = AVser + Al,Re + 1, ARm = 1.5 mV (4-20) 
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where Al, is given by Eqs. (4-8), (4-10), (4-12), or (4-14). Input offset 
voltage drift is then 

dV d dr. 
ae = qp 4¥su + a (a1. 
where (d/dT) AI is given by Has. (4-9), (4-11), (4-18), or (4-15). Using 
the drift result of Eq. (2-7) with the first term above, the input offset 
-voltage drift resulting from emitter-base voltage mismatch is replaced 
by the mismatch divided by the temperature or 

d  AVgr1 


aT AVsr1 = = T in °K = °C + 273° 


d 
+ Rei = dT at) 


The second term of the voltage drift expression may be written in terms 
of the fractional current unbalance. 


dr, d KT Kal XK 
Le ee ene {= 86 X 10-°V/°K 


The total equivalent.input offset voltage thermal drift of a differential 
stage loaded by a following stage is then 


dVos: _ AVzri (S Aly d : ‘ 
= + (—— Si as : 4-2 
aT Tp oat AI 5 pV /°C (4-21) 
KT 
Re = Rei + fei la = 
qi 


where AI; and (d/dT) Al; are as given earlier. As expressed above, 
input offset voltage drift is created by emitter-base voltage mismatch, 
the current unbalance, and temperature sensitivity of the unbalance. 

Current unbalances in an FET stage affect only the input offset 
voltage and its drift. The input bias and offset currents and their 
related drifts for an amplifier having an FET input stage are due to the 
gate leakage currents as described in Sec: 2.3. Then, from Eqs. (2-35) 
and (2-36), the input bias and offset currents of an FET input operational 
amplifier will be approximated by 


Vapi ++ Vasi . . 
haa P [Mons + Vass 4-22 
Bl lassi Vest ( ) 
V Vo 
ae ee (Ven: + Voss (4-23) 
2Vast 


where Vasr is the test voltage used in measuring Igggs. Thermal drift 
of the amplifier input bias currents follows from Eq. (2-37). 


In(T) = Ip(P1)20-tv/9 (4-24) 
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Except above room temperature this input bias current is limited by 
package leakage, as discussed in Sec. 2.3. 

The input offset voltage for an FET input is affected by loading in a 
manner similar to that of the bipolar transistor case. A current unbalance 
creates offset voltage as reflected by the transconductance, and unequal 
resistors in the source leads result in additional differential input error 
voltage. Combined with the gate-to-source voltage mismatch, these 
errors create the total FET amplifier equivalent input offset voltage of 

ATi Rs 


Vosi = AVasi: + ————. + 11 ARs 2 20 mV 4-25 
OSs1 Gs1 = i+ Be, a 11 S1 mM ( ) 


where AVggi is the mismatch under balanced currents. Again drawing 
from the earlier differential-stage drift results of Chapter 2, the overall 
amplifier input offset voltage drift is resolved. That portion of the 
drift related to the FET mismatch was found in Sec. 2.2 to be 


dVos 
dT 


= 3.5 X 10-3(AVes — AVp) due to FET mismatch 


The effect of unequal drain currents was resolved in terms of the ratio 
of the current unbalance to the zero-drift drain current in Eq. (2-26). 
From that result 


dVos 


Al, 
= (—], °C) — d I 
aT (—1.1 mV/°C) Ios ue to Al, 


As a result, total amplifier drift for the FET input case is 


dV Al 
—OS* = 3.5 X 10-%(AVes: — AVpi) + (1.1 mV/°C) — 
dT “ Ipz 


~ 40 nV/°C (4-26) 


In summary, the effects of bipolar or field-effect transistor loading 
stages on the input offsets and drifts of a differential stage have been 
defined in terms of a current unbalance in the loaded stage. The 
result of this unbalance is combined with the errors of input stages of 
both transistor types in expressions defined in terms of the current 
unbalance. By choosing the unbalance relationship for the appropriate 
type of loading stage and by using the applicable input error expression, 
the preceding results will define input offsets and drifts for any of the 
combinations of bipolar or field-effect transistor differential or single- 
ended stages. Starting with the last two stages of a given operational 
amplifier, the complete analysis is performed reflecting offsets and drifts 
through each stage to the amplifier input. 
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4.3 Noise Characteristics and Optimum 
Noise Performance Conditions 


Within an operational amplifier are many sources of noise which may be 
represented by equivalent noise voltage and current generators at the 
Input of each stage in the manner applied to a differential stage in 
Sec. 2.4. By further reflecting the noise contributions of each stage 
to the amplifier inputs, the noise characteristics of an operational ampli- 
fier may be represented by one set of equivalent input noise voltage and 
current generators. In this form the noise components of the amplifier 
can be compared directly with an input signal to determine the signal- 
to-noise ratio resulting with the amplifier. A signal-to-noise ratio 
expressed with the input signal provides a measure of noise performance 
which is independent of the gain or electronic function to be performed 
by the operational amplifier. When considering the effects of the two 
equivalent input noise sources, the relative importance of the equivalent 
input voltage noise as compared with input current noise is determined 
by the signal source resistance presented to the noise currents. By 
then considering the source resistance level to be used, the type of 
amplifier having the most appropriate balance of voltage and current 
noise can be chosen. When the equivalent input voltage noise and 
input current noise are defined, some circuit conditions can be optimized 
for noise performance. Optimum noise performance results in the 
highest signal-to-noise ratio and not necessarily the minimum noise 
figure often pursued. As will be discussed, changing circuit conditions 
to achieve minimum noise figure can degrade signal-to-noise ratio rather 
than improve it. 

Equivalent input noise voltage and input noise currents of an opera- 
tional amplifier are derived from the individual-stage noise components 
such as those of Fig. 4.10. The equivalent input noise sources are 
resolved in the same manner as were the equivalent input offset voltage 
and input bias currents in the preceding section. To reflect the input 
noise sources of the second stage in Fig. 4.10 to the first-stage input the 
noise currents that would be induced in the first-stage outputs by these 
sources are considered. Input noise currents of the loading stage add 
directly to the collector or drain currents of the first stage. Additional 
collector or drain currents reflecting the input noise voltage of the follow- 
ing stage are developed and equal that noise voltage divided by the load 
resistors. Combining the mean-square noise currents reflected to a 
differential-stage output from a loading stage results in 


2 
7 ; Cni2 
ioe a Inie” + Deedee aa tas 


(2R11)? 


Considering the above expression for the noise current developed in a 
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Fig. 4.10 Cascaded differential stages with separate noise representations. 


stage by loading circuitry, the net input noise currents of an operational 
amplifier can be found. For a bipolar transistor input stage, the net 
equivalent input noise current will be composed of that of the input stage 
and ino1 from above divided by the beta of the stage transistors. Adding 
the mean-square noise components, this is expressed by 


ae: 
eS ye nl 

Eee ble maura 

Bi 

Inio” Cni2” 


Bi? 4By?Roi? 


Using the result of Eqs. (2-45), the individual-stage input noise currents, 
init ANd ini2, are a function of current level as expressed by 


Ini = Vv 2qIz Af 


The current levels in a loading bipolar transistor stage are generally set at 
less than 10 times that of the preceding stage for drift considerations dis- 
cussed in Sec. 4.2. Input noise currents of the second stage will then 
compare with those of the first stage as expressed by 


lai? aa Init? + 


(4-27) 


: Ine -—— _— 
Ini2” Fe ae Ini1? < 101n ii? 


Bl 
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Under this condition a first-stage beta of only 30 in the noise current 
relationship of Eq. (4-27) makes the second term of that equation negligi- 
ble. For an FET loading stage, inis is much smaller than above and may 
always be neglected in the expression for equivalent input noise current 
ini. The relative importance of the third term of this expression is 
observed by considering typical noise voltage and current levels. Since 
both the current and voltage noises described in Sec. 2.4 have the same 
dependence on bandwidth, any given bandwidth may be used for com- 
parison. For a 1-kHz bandwidth the input noise voltage of a bipolar 
transistor or FET second stage will be between 0.4 and 2 vV rms, for stage 
eurrents from 30 to 1 mA, as described by Eqs. (2-44) and (2-48). Con- 
sidering this range of noise voltage and a beta of 100 in the noise current 
expressions of Eq. (4-27) the mean-square noise current due to eni2 will be 
at least a factor of 10 less than that due to the 6 pA rms of ini: as long as 
Roi is greater than 5 kQ. 

For all practical cases, then, loading stages do not significantly con- 
tribute to the equivalent input noise currents as expressed by Eq. (4-27), 
and the input noise currents of an operational amplifier having bipolar 
input transistors are essentially those of the input stage alone. From 
Eqs. (2-45), the resulting equivalent noise current at each input of an 
operational amplifier having a bipolar transistor input stage is 


Ini = Inil = Vv 2qIz1 Af (4-28) 


where Ip; is the base current of the input stage. At low current levels the 
l-f noise greatly increases i; for the bipolar transistor input stage. With 
0.2-uA base current, inj is typically 20 pA rms for a bandpass from de to 
1 kHz. In the case of FET inputs, all input noise currents result from 
gate leakage current for which shot noise was described in Chapter 2. 
Since gate leakage current is not significantly affected by reflected noise 
of a loading stage, the equivalent input noise currents are essentially 
independent of load noise. For the FET input operational amplifier 
from Eqs. (2-49) then 


int © intr = W2qIqi Af (4-29) 


where Ig: is the input-stage gate leakage current level. With the typical 
5-pA gate leakage current, inj usually has a negligible effect on total input 
noise in common amplifier applications. The noise voltage created by ini 
on the source resistance is generally small compared with the thermal 
noise of the resistance. 

The effect of loading-stage noise upon equivalent input noise voltage 1s 
also analyzed by reflecting the noise current 1noi defined above to represent 
the noise effects of a loading stage. A collector or drain noise current 
such as ino reflects to the inputs of a differential stage as a noise voltage by 
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the analyses in Sec. 2.4. Using these previous analyses, the equivalent 
noise at one input of a bipolar transistor input stage due to loading by a 
second stage will be 
SS Re + ri\? 
Cnit2” = 21no1? (Re a Ne es) 
Bx 
Similarly, for an FET input stage loaded by a seond stage using Fig. 2.18, 


cant = a2 (Cheney 
Lts1 
Addition of this input noise to a similar noise at the other input and to the 
input noise voltage of the first stage itself results in a net equivalent input 
noise voltage of 


Cni? = Cnir? + 2eniie? 
Replacing the reflected second term above by using the preceding expres- 
sions for eniz2? and inoi? resolves this expression in terms of the individual- 
stage noise sources. For the bipolar transistor stage 


i \2 
eos ™) (4-30) 
Bi 


en ee 
€ni? = Cn? + 4 (in = i) (Ra “F 
For the loaded FET differential stage 


oa. i ae Cnie? 1+ sist) 
ni? = Cn? + 4 [ Inic? Se 4-31 
cat = Goat +4 (int + oe) (LER (4-31) 


In both cases above, the input noise voltage of the loading stage reflects 
to the first-stage input divided by the unloaded gain of the stage, which is 
approximated in Chapter 1 as 


—Re —osRp 
Ao = ——— r Ao = ——_ 
Ra Re /8 ie es gisRg 


For the high gain normally developed in the input stage, the effect of 
second-stage noise voltage is greatly reduced. In order to compare the 
relative magnitudes of eni1 and enie the differential-stage equivalent input 
noise voltage expressions from Sec. 2.4 are used. Depending on whether 
the stages use bipolar transistors or FETs, eni1 and €nig will be of the form 


: 2 
2 2atc Af (R. + ae + 2KT(Re +r) Af 


1 1 
4 (— + Rs) ox Af (cr + a) 
Lets Rp 


The greatest difference in noise voltage contributions eni1 and eénie of 
two cascaded bipolar transistor stages will result for a second-stage 


Cni 


Cni 
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— collector current which is much greater than that in the input stage. 
For drift considerations the ratio of the stage currents is again limited 
to a factor of 10 for which the bipolar stage input noise expression above 
predicts 
Cnio? < 10eni2? 

Such a variation in stage noise voltages does not result between FET 
stages as indicated by their noise relationship above. From the examples 
of Chapter 2, the input noise voltages of FET and bipolar input stages 
are roughly comparable. Thus, for any combination of FET and 
bipolar stages, eni2? will reach a level which is only about 10 times enii?. 


Then if the effect of enio? upon the equivalent input noise voltages of 
Eqs. (4-80) and (4-31) is divided by the square of a gain of only 10, 
Ao’, the equivalent mean-square 1n input noise voltage reflected by Cnia” 


will be one-tenth that due to en. For the general case, then, eni2? 
may be neglected. 

The other reflected term of each equivalent input noise voltage expres- 
sion in Kqs. (4-30) and (4-31) results from the second-stage input current 
noise reflected by the inverse of the first-stage transconductance. Input _ 
noise currents of the loading stage will be greatest when this stage is a 
bipolar transistor type operated in the 1/f noise frequency range from 
de to 1 kHz or when it is operated at high currents. In either case 
nig will typically be limited to no more than 30 pA rms. At this level 
the resulting component of en; in Eqs. (4-80) and (4-31) is masked by 
the 0.4 nV rms level ey; for a first-stage transconductance greater than 
240 umhos. For most input stages the effect of second-stage noise 
currents, as well as noise voltage, may then be neglected in resolving 
equivalent input noise sources. Noise due to even later stages is further 
reduced in effect by the intervening stages. Equivalent input noise 
voltage of an operational amplifier is then essentially that of the first 
stage as given by Eqs. (2-44) and (2-48). For the bipolar transistor 
input operational amplifier 


+ 2KT(Re + rf.) Af 
(4-32) 


R 
Cni = Cnil = 2 /2aler Af (R el =“ Toa ara 2) 


where 
Rei oa Rei e Te1 
For the FET input case 


1 1 
Cni = Cnil = 4 ( + Ras) eK Af (<a ++ =) (4-33) 
Ltsl Rp: 


From the examples of Sec. 2.4 using a 1-kHz bandwidth a value of 
€ni for typical bipolar transistor or FET input operational amplifiers 
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is predicted to be about 0.4 uwV rms. Although the bipolar transistor 
case is fairly well approximated by this prediction from the shot noise 
and thermal noise considered, FET input operational amplifiers typically 
display around 1 »V rms equivalent input noise voltage under the 
conditions described, because of higher 1/f noise. When all noise sources 
of an operational amplifier have been reflected to its inputs, the amplifier 
can be represented as in Fig. 4.11. 

The signal-to-noise ratio resulting with an sueencionel: amplifier is 
determined by the equivalent input noise voltage, the input noise 
currents, and the source resistance presented to the noise currents. 
Those noise voltages at the amplifier inputs created by input noise 
currents in the source resistances combine with the equivalent input 
noise voltage to produce a total input noise voltage. In general, the 
source resistances presented to the two inputs are made as nearly equal 
as possible so that the associated effects of the two input bias currents 
will cancel. When the two resistances are equal and equal input noise 
currents are considered, the total input noise voltage is 


Cnit = Ven? + 2ini2Re? (4-34) 


By considering the relative importance of the individual terms of the 
expression for enit, a simplification can be made for the equivalent input 
noise voltage expression for the bipolar transistor input amplifier. 
From the noise voltage and current expressions of Eqs. (4-82) and (4-28), 
the total input noise voltage will be 


1 


Th a Re : , 
Cnit = 8qlo1 Af (Re + ut Se) + SKT(Rer1 -- Th) Af + AqI ni Af Re? 


Fig. 4.11 Equivalent noise representation of an operational amplifier. 
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Combining terms by using Ip = Ic/6, and sanlietie by nee 
the general case for R. > rj,/8, results in 


2Reaik Re? 
8qIc1 Af (Ra + ——— case ats ~+- =) + SKT(Re1 + Ty1) Af 


By By? 281 

The first series of terms in parentheses above contains the dependency 
of enis Upon source resistance, and this portion may be simplified. For 
6B > 2, the third term in this series is negligible in comparison with the 
fourth. At very low values of source resistance the second term of this 
series is much less than the first and becomes significant by comparison 
only when Rg reaches 0.056R.. At this point the second term is one- 
tenth the first term. However, for a beta of 100 the fourth term is then 
one-eighth the size of the first, and beyond this level of source resistance 
the fourth term increases much faster than does the second. In neglect- 
ing the second term of the series discussed, an 8 percent maximum error 
results at the source resistance level discussed. Omitting the second 
and third terms as neglected above and writing enit in its original form 
give 


Cnit = 


nit = W8qlo: AfRe? + SKT(Ra + r1,) Af + 4qIni AfRe? 


As a result of the approximations made, the dependence of equivalent 
input noise voltage upon source resistance has been neglected since the 
associated noise is small in comparison with that resulting from the 
input noise currents flowing in the source resistances. Comparing the 
above result with the basic relationship for eni; [Eq. (4-34)], the simplified 
result for equivalent input noise voltage of a bipolar transistor input 
operational amplifier is found to be 


Oni = 2V 2qIc1 AfRer? + 2KT(Rei + r,) Af (4-35) 


Evaluation of operational amplifier signal-to-noise ratio is made by 
considering the total input noise voltage eni, of Eq. (4-34). With all 
noise sources reflected to the input and combined in eni, the noise can 
be compared directly with the input signal independent of the function 
to be performed by the amplifier. Depending upon the source resis- 
tance level, either the equivalent input noise voltage or the input noise 
currents may have a dominant effect upon the total noise en. The 
various basic types of operational amplifiers have greatly different levels 
of equivalent input noise voltages and currents. As a result, minimum 
total noise can be achieved by selecting the type of amplifier which 
provides the lowest level of eni, at the source resistance level under 
consideration. Representative curves of e,it for bipolar transistor input, 
FET input, and chopper-stabilized operational amplifiers are presented 
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Fig. 4.12 Representative curves of total input noise voltage versus source resis- 
tance for various types of operational amplifiers. (Hmpizrical results from Burr- 
Brown Models 3050/01, 3071/25 and 3307/12C.) 


in Fig. 4.12 for a bandpass of de to 1 kHz. Compared with these curves 
is the thermal noise of the combined source resistance, 2Rg, which is 


Ong = V8KT AfRe 


Since the thermal noise of a source resistance shown places a lower limit on 
the noise added to a signal, a continued improvement of amplifier noise 
provides diminishing returns. As shown, the source resistance noise will 
be the dominant source of noise over certain resistance ranges for FET 
input and chopper-stabilized operational amplifiers. 

Each of the amplifier noise curves shown in Fig. 4.12 displays regions 
over which first its voltage noise and then its current noise component are 
dominant. The rising portions of each curve result when input noise 
currents create noise voltages with the source resistances which are signif- 
icant in comparison with the equivalent input noise voltage. Since most 
chopper-stabilized operational amplifiers have single-ended rather than 
differential inputs, only one source resistance is considered for this case. 
At any given source resistance the type of amplifier having the lowest 
curve provides the lowest total noise. Below 30 kQ source resistance, the 
0.4 nV rms noise voltage of bipolar transistor input amplifiers makes this 
type desirable. Above 30 kQ, the 20 pA rms input noise currents make 
the total noise with such amplifiers greater than the 1.0 nV rms noise 
voltage common to FET input or chopper-stabilized operational amp- 
lifiers. Beyond the 300 kQ level the 1.5 pA rms input noise current of the 
chopper-stabilized amplifier results in greater total noise than that 
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developed by the FET input amplifier which has 0.06 pA rms input noise 
currents. 

In describing the noise characteristics of an amplifier it is convenient to 
consider noise occurring over a specified frequency range exclusive of all 
noise outside this range. Measurement of just. this noise component 
would require a rectangular system bandpass having infinite response 
selectivity such as represented in Fig. 4.13. However, a practical 
amplifier bandpass which is not rectangular can be related to an equiv- 
alent rectangular response and an associated effective noise bandwidth by 
comparing the resulting noise levels. From Sec. 2.4 the mean-square 
noise voltage resulting from spectral noise density S, applied to transfer 
function H(jw) is | 


en? = f° S.|HGo)|? dt 


By equating this mean-square noise voltage developed with the amplifier 
transfer function and that from an arbitrary rectangular bandpass, an 
effective noise bandwidth is found which resolves noise characteristics in 
terms of the convenient rectangular bandpass case. In the simplest case 
the transfer function of an operational amplifier applied as a voltage 
amplifier will be a single-pole low-pass function as would be indicated by 
its gain response curve. For this case the single-pole response of Fig. 4.13 
can be compared with the noise equivalent rectangular response shown to 
determine the effective noise bandwidth of the amplifier. Considering a 
constant spectral noise density, as holds for shot and thermal noise, 
the mean-square noise voltages for the two responses are equated below: 


— 0 Ao? ffe 
n” = By GD ey : 
et = & f io [, Ao? at 


Solving the above provides the effective noise bandwidth of the amplifier 
response in terms of its pole frequency. 


Af =f, = —f, | (4-36) 
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Having developed relationships describing operational amplifier noise 
characteristics in the preceding material of this section, it is now possible 
to consider optimization of noise performance. Optimum noise perfor- 
mance is achieved with an operational amplifier when circuit conditions are 
chosen to maximize signal-to-noise ratio and not necessarily when these 
conditions are chosen to minimize noise figure. This can be seen from a 
closer examination of the meaning of noise figure. Noise figure (N.F.) is 
a comparison of the power signal-to-noise ratio at the input to the same 
ratio at the output as defined by 

N.F. = 10 log (S/N) power, input 
(S/N) power, output 
Note that a lower noise figure can be attained by making the input signal- 
to-noise ratio worse, but this can only make the noise performance worse. 
To write the noise-figure expression in terms of the equivalent input noise 
sources of an operational amplifier, consider 


(E2/R1) /(eng?/Rx) 
(Eo?/Rx1)/(€no?/Rr) 


where Ong? and @no? are the mean-square noise voltages from the source and 
at the output. Since E, = AE; ande,, = A V/ Cnit? + Cne’, 


N.F. = 10 log 


ae 
N.F. = 10 log (: + a) 


Cie 


Considering the noise of the source eng above as just the thermal noise of 
2Re and using Eq. (4-34) for enit, the noise figure becomes 
eni? + zat) 


(4-37) 


N.F. = 10 log (1 
i on ( T SKTRo af 


Traditionally, that source resistance at which the noise figure is mini- 
mum is defined as an optimum source resistance. However, the value of 
source resistance providing optimum noise performance is zero since this 
provides the lowest total noise added to the signal. Increased source 
resistance can only increase the noise added to the signal by its interaction 
with the amplifier noise currents and by the thermal] noise of the source 
resistance itself. As a result, noise figure does not provide an indication 
of circuit conditions which provide optimum noise performance. Rather, 
noise figure provides a comparison of noise performance of various amp- 
lifiers under given fixed circuit conditions. To compare noise perfor- 
mance of the basic types of operational amplifiers their noise figures are 
plotted against source resistance in Fig. 4.14 using Eq. (4-37) for a band- 
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Fig. 4.14 Representative noise 
figure curves for various types 


100 1k 10k 100k 1M 10M 400M of operational amplifiers. 


R, (OHMS) 


pass of direct current to 1 kHz. In this form the noise figure indicates 
which amplifier should be used with a given source resistance for best 
noise performance as did the curves of Fig. 4.12. It does not, however, 
indicate that noise performance can be improved by increasing source 
resistance even though noise figure might be reduced. The output 
signal-to-noise ratio and not noise figure provides a general measure of 
noise performance as a function of circuit variables. 

Only when increased source resistance also provides a larger input 
signal does the noise performance of an operational amplifier sometimes 
improve by the increase. In such cases an optimum source resistance 
exists for best noise performance as indicated by the highest signal-to- 
noise ratio. This ratio can be written for the equivalent input noise 
representation as | 

S K; LDF 


eect A 


N V eng? + Cnit” V eng? 7 Cni” + 2ini? Re? 


If en; 1s the dominant noise term above, a simultaneous increase of Re 
and EK; increases the signal more than the noise. Such a situation can 
result when the input to the amplifier is a current rather than a voltage, 


Fig. 4.15 Circuit example for which the signal increases with 
source resistance. 
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as is the case for Fig. 4.15. The collector current of the transistor shown 
flows in Rg to develop the input voltage Ei, and increasing this source 
resistance also increases the signal. For canceling de effects from the 
two input bias currents the resistance presented to the other amplifier 
input will match Rg and the signal-to-noise ratio will be 


SER 
N “VexkTRe Af + e.2 + 2in?Re? 


Maximum signal-to-noise ratio results for Rg > eni/2ini, Rg >> 4KT Af Fini? 


(=) —— 


Noise performance can also be improved for ac applications when a 
transformer-coupled input may be used as in Fig. 4.16a. 

For this ac case the effect of input bias current flow in source resis- 
tances is not important and the source resistances at the two inputs are 


(b) pa 


Fig. 4.16 (a) Transformer-coupled input amplifier and (b) equivalent 
circuit. 


150 DESIGN 


not matched. Instead, the feedback and summing resistance levels are 
minimized to make their effect on total noise small. From the equivalent 
circuit of Fig. 4.16a the signal-to-noise ratio will be 


ee eee 
N Veng? + neni? + in?Ro?/n? 


Since the signal is varied along with Rg by the transformer, noise per- 
formance can be optimized by choosing the best turns ratio n. Differ- 
entiating the above it is found that maximum signal-to-noise ratio 
results for the optimum turns ratio given by 

Nopt = ara 

Cni 

Once the equivalent input noise voltage and current are known, the 
transformer turns ratio providing the best signal-to-noise ratio can be 
found. In this case alone it can be shown that minimum noise figure 
also happens to occur for the above turns ratio. 

In summary, operational amplifier noise performance can be optimized 
by using a source resistance level appropriate for the type of input signal 
applied. For the general use of a voltage input which may extend in 
frequency to dc the source resistances presented to the amplifier inputs 
should be as low as possible to minimize the noise voltage created by 
these resistances with the input noise currents. Typical feedback for 
an operational amplifier, as in Fig. 4.16, presents a source resistance to 
the inverting input which equals the parallel combination of the feed- 
back and summing resistors. When the input signal is a current, 
resulting in a signal voltage proportional to the source resistance, the 
source resistance should be made large so that signal-to-noise ratio 
reaches that limit set by input noise currents where effects of e,; and 
€ng become negligible. With an ac input signal the signal source should 
be transformer-coupled to the amplifier input. Source resistance 1s 
then altered by the square of the turns ratio but the signal is changed 
by only a factor equal to the turns ratio, and an intermediate level of 
transformed source resistance provides best noise performance. For any 
other specific case the level of source resistance providing best noise 
performance can be resolved by maximizing signal-to-noise ratio. Noise 
figure, if applied, should be reserved for comparisons of amplifiers under 
specific circuit conditions. 


4.4 Chopper-stabilized and Varactor Diode 
Carrier Type Operational Amplifiers 


In addition to the direct-coupled operational amplifier circuits discussed 
so far, ac-coupled techniques using modulated carriers to transmit the 
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de signal are used in chopper-stabilized and varactor DC amplifiers. By 
preceding the direct-coupled portions of such amplifiers with ac-coupled 
sections, the de biasing error voltages and currents considered in Sec. 4.2 
are avoided in the critical input portion of these amplifiers. Input bias 
currents and offset currents are not developed by the de biasing of the 
amplifier since ac coupling isolates the inputs from such currents. How- 
ever, the de input currents of the direct-coupled stages produce error 
voltages in these stages in the same manner as considered in Sec. 4.2. 
The combined de error voltages, from such currents and from the indi- 
vidual input offset voltages of the direct-coupled stages, are added to 
signals as before. The effects of these de errors are again easily repre- 
sented by an equivalent input offset voltage and its thermal drift. 
However, for chopper-stabilized and varactor amplifiers the effect of de 
biasing errors is reduced since they are not combined with the signal until 
the signal has been amplified by the gain of the modulated signal section. 
Thus, in comparison with the amplified signal these de errors are less sig- 
nificant than in the direct-coupled case, and the equivalent input de errors 
of the amplifier are reduced by the gain of the ac-coupled section. Defici- 
encies of the modulation circuits add new errors to de signals and generate 
amplifier input currents as will be described. However, the overall 
resulting equivalent input offset voltages and input bias or offset currents 
are greatly reduced by these modulated carrier techniques. The most 
notable performance improvements result in the thermal drifts of these 
de input voltages and currents. Chopper-stabilized operational ampli- 
fiers provide around a factor of 50 improvement in input offset voltage 
drift over the typical bipolar transistor input operational amplifier to 
result in drifts on the order of 0.1 wV/°C. Although input current 
drifts are also reduced by using chopper stabilization, the varactor 
bridge input operational amplifier provides the most dramatic reduction 
in these drifts. Input bias current drifts of the order of 0.01 pA/°C 
are attained by using the varactor modulation approach. 

Considering first the chopper-stabilized operational amplifier, as repre- 
sented in Fig. 4.17, the input signal is separated into its high- and low- 
frequency components, which are then selectively amplified by the two 
channels of the amplifier. High-frequency signals are passed directly 
to the main amplifier by the filter formed by R; and Ci, and the de and 
very low-frequency portion of the input signal is used to modulate a 
carrier in the chopper channel. Within the chopper channel amplifier 
the modulated carrier is then amplified, demodulated, and filtered to be 
recombined with the high-frequency portion of the signal in the main 
amplifier. Although the general case considered here has a single-ended 
input, some chopper-stabilized operational amplifiers apply similar 
techniques to differential input forms. Since both the channels shown 
are ac-coupled, the input bias currents of the main amplifier cannot 
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Fig. 4.17. Basic chopper-stabilized operational amplifier representation. 


reach the input of the overall amplifier. Also, the error due to the 
input offset voltage of the main amplifier is reduced since the dc input 
signal is amplified in the chopper channel before combining with this 
error voltage. Amplification inaccuracy or nonlinearity from chopper 
channel modulation and demodulation is corrected by the heavy feed- 
back normally applied around the overall amplifier and presents little 
error. 

To demonstrate the reduction in de errors provided by chopper 
stabilization, the input offset voltage and bias currents of the main 
amplifier represented in Fig. 4.17 can be reflected to the overall amplifier 
input as an equivalent input offset voltage. This equivalent input error 
equals the net de error voltage developed at the chopper channel output 
divided by the chopper channel de gain Aoce. Combined with this voltage 
is an input offset voltage Voscc created by the chopper channel amplifier 
modulation error. The equivalent input offset voltage of a chopper- 
stabilized operational amplifier is then 


Vosm TpiRi + Tp2Roce rT 0.1 mV 
| Adcee 


In order to balance out the error voltages produced by the main amplifier 
input bias currents above, R; is commonly made equal to the chopper 
channel output resistance Roc so that equal input bias currents will pro- 
duce canceling voltages. Differences in these resistances or in the cur- 
rents result in residual error. Representing the difference in input bias 
currents by the input offset current Iosm, the resulting input offset voltage 
of a chopper-stabilized operational amplifier becomes 


Vos = Vosce + 
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Was = Vee as Vosm aa Tpi(Roce Ri) TosmRoce (4-38) 
Aoce 

where Voscee 18 the chopper channel amplifier equivalent input offset volt- 
age and Roce is determined by the demodulation networks considered 
later. Thermal drift of this input offset voltage is developed by tempera- 
ture sensitivities of the chopper channel gain Ao,. above and of the modu- 
lator errors which produce Voscec, aS well as the input drifts of the main 
amplifier. Input bias current of the chopper-stabilized operational 
amplifier represented in Fig. 4.17 is due primarily to the leakage current 
of capacitor C,; along with the leakage current and switching spikes of the 
modulator network. These sources of chopper channel dc error are dis- 
cussed in more detail later in conjunction with the modulator. From 
these factors the input bias currents of the order of 100 pA are produced 
with drifts typically near 0.5 pA/°C. 

Improved operational amplifier input dc errors as indicated above are 
provided by the ac coupling and gain of the chopper channel amplifier 
within the limits of the modulation and demodulation circuits. The 
basic chopper channel amplifier form is shown in Fig. 4.18 from which its 
operation can be described. As indicated, the major components of the 
amplifier are an input low-pass filter, an input switch or chopper, an ac 
amplifier, an output switch, an output low-pass filter, and a drive circuit 
for the switches. Input filtering passes only the very low-frequency 
signals, and a de signal E; is considered for the associated operating wave- 
forms of Fig. 4.19. When the input switch is closed, this de signal is 
shorted to common, and the signal reaching the ac amplifier is the chopped 
waveform shown as e;(t) which is amplitude-modulated by the input 
signal. The amplitude of e;(t) is not simply that of the input signal since 
it is affected by the average voltage developed on Cy. This voltage pro- 
duced by the signal results in a modulator gain, to be discussed later, 
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Fig. 4.18 Basic chopper channel amplifier. 
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which is not unity. The symmetry of the chopper waveform at the ac 
amplifier input, which will affect the modulator gain, is controlled pri- 
marily by that of the chopper channel drive signal. Following amplifica- 
tion in the ac amplifier, the signal is the ac waveform e.(t). In order to 
extract a dc signal from e2(t) its average value must not be left at zero as 
established by the ac coupling. For this reason the dc reference of the 
signal is restored, using the output switch, by clamping one side of the 
waveform to common in synchronism with the input chopping. Result- 
ing from this de level restoration is the signal e3(t) whose average value 
may be extracted by the output low-pass filter to provide the final de 
output Ko. 

The overall voltage gain of the chopper channel amplifier is determined 


Fig. 4.19 Operating waveforms of the chopper 
channel amplifier of Fig. 4.18 for a de input signal. 
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by the input modulator, the ac amplifier, and the output demodulator. 
As mentioned, the signal amplitude is not passed by the modulator switch 
and filter network with unity gain since the circuit capacitors assume 
average voltages set by the signal. By assuming that the large capacitors 
in these applications hold their average voltages approximately constant, 
the gains of the modulator and demodulator circuits are easily resolved. 
For the demodulator, two circuit states occur as represented in Fig. 4.20 
for open and closed output switch conditions and for a signal e2(t) as 
presented in Fig. 4.19. When the switch is closed as in Fig. 4.20b, 
capacitor C, will charge through the low amplifier output resistance to 
essentially the input voltage Ey. In this state the output capacitor dis- 
charge current will be 
1, = Be 

Ra 
When the switch opens, resulting in the circuit of Fig. 4.20c, the capacitor 
voltages will remain at essentially their average values of Ey and Eo, 
because of the large capacitances and the high resistance of Ry. For this 
approximation the output capacitor discharge current will be 

I, = ae for (Ra + Roa) (C4 + Cs) <K (1 a x)T 

where (1 — x)T is the portion of the cycle for which the switch is open. 

Using the charging and discharging currents found above, the demodu- 
lator gain can be expressed. The average value of the output capacitor 
voltage is that for which the charge deposited by I, equals that drained by 
I, or 

I.(xT) = 1,0 — x)T 


where xT and (1 — x)T are the intervals defined in Fig. 4.19. Substitu- 
tion of the previous results for I, and I, in the above equation defines the 
output voltage as 


R4 
R, + Roax 
Voltage gain of the demodulator is defined as the ratio of this de output 
voltage to the peak-to-peak input voltage presented by e2(t). From the 
waveform of ee(t) its peak-to-peak voltage is 
Ee = Ky == E, 


Thus the demodulator gain is 


Eo = (E ~ Ey)(1 — x) 
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(b) 


(c) 


Fig. 4.20 Gain analysis circuits for the output 
demodulator (a) from Fig. 4.18, (b) with the switch 
closed, and (c) with the switch open. 


In general the output resistance of the ac amplifier is much smaller than 
the output filter resistor and x is less than 1, so that the demodulator gain 
1s very nearly 

Aop = —(1 — x) (4-39) 


Note that for a symmetrically chopped waveform, having a value of one- 
half for x, the demodulator gain is one-half. Voltage gain of the modu- 
lator circuit, consisting of the input filter and switch, is found by a similar 
analysis? to be 

1 


7 iF x[Re/Rs a (Re + Rs) /Rtal 


The input resistance of the ac amplifier, Ri,.in the above, is typically much 
larger than the input filter resistors, Re and R3z, and for a balanced filter 


Aom 
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the latter two resistors are equal, resulting in a modulator gain of 


1 
1+ x 
For a balanced filter having Re = R3 and for a symmetrically chopped 


waveform with x = 14 the modulator voltage gain is two-thirds. 
Overall voltage gain of the chopper channel amplifier is 


Aoce = AomAaeAop 


Aom = for Ria > Ro Ro = R; (4-40) 


where A,, 1s the gain of the chopper channel ac amplifier to the chopped 
waveform. Substituting the gain results of Eqs. (4-39) and (4-40) in 
the above, the chopper channel gain is found to be © 


1-—x 


Aoce = — 
. 1+x 


As for Ria > Re Re — R3 
Roa K Ra (4-41) 


In the symmetrical waveform case 


Ace = ne for x = Ro = Rs 
Since the chopper channel gain affects input offset voltage, the chopping 
waveform symmetry needs to be stable. Variations in this symmetry 
with temperature contribute to input offset voltage drift. The sensi- 
tivity of chopper channel gain to chopping symmetry is displayed by 
differentiating the gain expression of Eq. (4-41) with respect to x. 
Expressing the result in terms of the chopper channel gain itself yields 


dA cee _ — 2A vec 


dx 1 — x? 


Rewriting this result in terms of incremental changes rather than 
differentials, 
AAoece = —2x Ax 


Aocce 1 — x* x 


Assuming that small variations in symmetry occur about a nominal 
of x = 14, the fractional gain change can be related to the fractional 
symmetry change by 


= — ~— (4-42) 


The input and output resistances of the chopper channel amplifier 
are those of the modulator and demodulator circuits, respectively. 
Although input impedance is determined by both channels, the input 
resistance of the overall amplifier is that presented by the chopper 
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channel amplifier, which can be found by using an analysis similar to 
that applied to derive the demodulator gain above. The output resis- 
tance of the chopper channel amplifier affects input offset voltage as 
expressed in Eq. (4-38), and this resistance can be expressed by con- 
sidering the demodulator models of Fig. 4.20. The average open- 
circuit output voltage for the two states represented in that figure is 
simply the output voltage derived previously or 


R, 
Ra + RoaX 


To find the average short-circuit output current the currents flowing 
in shorted outputs for the two states represented are found and will be 


Eooe = Eo = (Ex — Ey)(1 — x) 


To, = 0 
1. = Heats 
oP Be aaks) Rae 


Then the average will be 
ToaxT + Ion(1 —x)T (1 — x)(Ex — Ey) 


low = = 
a Rg + Roa 
The output resistance is then found to be 
Hoce 
Roce = = =R, for Rs> Roa (4-43) 
Osc 


Thus, output resistance of the chopper channel amplifier considered is 
simply equal to the output filter resistor. Input resistance follows from 
a similar analysis? on the modulator circuit and is 


Rs = Ria 
Generally the ac amplifier input resistance is much larger than Rs; 


above, and the input resistance of a chopper-stabilized operational 
amplifier becomes 


Rr = Re + Rg + 


R 
Ri = Re + = for Ria >> Rs (4-44) 


For a balanced ey having Re = R3; and a symmetrical chopping 
signal making x = 14, the input resistance is three times the input filter 
resistor level. 

Using the expressions derived above for chopper channel gain and 
output resistance, the equivalent input offset voltage caused by the main 
amplifier can be found with Eq. (4-38). However, the remaining term of 
this equation, Vosc, which represents the offset due to the chopper 
channel amplifier, is not so well defined. In practice, Vosce represents a 
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major portion of the chopper-stabilized operational amplifier input offset 
voltage, and the primary sources of this chopper channel error voltage 
are also the sources of input bias current from this channel. Considering 
Fig. 4.18, the leakage current flows in the input circuit, creating both 
input offset voltage and input bias current components. Leakage cur- 
rent of the input switch in its OFF stage has a similar effect. Also, the 
charging and discharging currents of the input switch capacitances flow 
in the input circuit, developing input error voltages and currents. For 
a net change in switch capacitance charge of AQ per cycle, an average 
current is generated: 

_ AQ 


a 


where T is the period of the chopper signal. 

The frequency response of a chopper-stabilized operational amplifier is 
formed by both cascaded and paralleled amplifier responses. Consider- 
ing the amplifier diagram of Fig. 4.17, low-frequency signals are ampli- 
fied by the two individual amplifiers in cascade, and high-frequency 
signals are amplified by the main amplifier only. However, signals 
between these frequency limits are amplified by both channels in parallel. 
This is one case of the feedforward amplifier which will be discussed in 
the next chapter. The overall frequency response of the amplifier is 
found by using the block diagram of Fig. 4.21. For the case shown it 
is assumed that the chopper channel amplifier has essentially a single- 
pole response set by the very low-frequency output filter. The overall 
response function is 


RiCis Aoce 
= se a An 
ate) 1 + RiCis - Lor Sa) “) 


HIGH-PASS FILTER 


MAIN 
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Ace 
i+R,4Css 


CHOPPER - CHANNEL 
AMPLIFIER 


Fig. 4.21 Frequency response block diagram of a chopper-stabilized 
operational amplifier. 
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or 
1C1RiC3s? + RiCi(1 + Aocce)8 + Aoce 


R 
A(s) = (1 + RC,s)(1 + RiCss) An(s) (4-45) 


In conjunction with the feedforward amplifier discussion, this type of 
frequency response is considered in the next chapter. 

Considering next the varactor input operational amplifiers, the direct- 
coupled portion of these amplifiers is also preceded by an ac-coupled 
section which conducts signals by means of a modulated carrier. In 
this case the signal varies the capacitances of varactor diodes to modulate 
the carrier voltage difference between the diodes. The block diagram 
of Fig. 4.22 displays the basic components of the typical varactor input 
operational amplifier. Paralleling the chopper channel described pre- 
viously, the ac portion of the circuit uses the input signal to modulate a 
carrier which is then amplified and demodulated. Then the amplified 
signal is supplied to a DC amplifier where the significance of de input 
errors is reduced by the gain of the preceding carrier section. To 
examine the improvement in dc input errors the equivalent input: offset 
voltage can be written in terms of the input error voltage and currents 
shown for the main amplifier. The result is analogous to that given 
for a chopper channel in Eq. (4-88), and for a carrier section with gain 
Ao- and output resistance Ro, it is 


Wiad ae Vos ae Vosm + Tpi(Roc Ri) TosmRoe (4-46) 

Aoe 
where Vos, is the equivalent input offset voltage of the carrier section and 
Iosm 1s the main amplifier input offset current. In addition to Vos. the 
modulation errors develop input bias currents, as will be discussed. 
Extremely small input bias currents of the order of 0.01 pA result with the 
varactor input section. However, the frequency response of varactor 
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Fig. 4.22 Varactor input operational amplifier block diagram. 
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input operational amplifiers considered is limited by the modulation 
technique employed to frequencies which are much less than the carrier 
frequency. 

Varactor modulators utilize the dependence of semiconductor junction 
diode capacitance upon voltage to modulate a carrier. A typical modu- 
lator is shown in Fig. 4.23 where the diode voltages Vai and Va» are deter- 
mined by the input signal E; and the carrier voltage EK... Both the carrier 
and signal voltages used are small so that the diodes are never under 
sufficient forward bias to reach a low resistance state. As will be ana- 
lyzed, the input signal E; develops a difference in diode voltages, unbal- 
ancing their capacitances. From this unbalance a difference in carrier 
voltages results on the two diodes. This carrier frequency difference 
voltage 1s passed by the high-pass filter formed by Ri and Ce to the 
modulator output. Key characteristics of the diodes for the modulator 
are their voltage-dependent capacitances and their high resistances under 
small voltages. By considering the expressions governing these charac- 
teristics, the diodes can be represented by resistors and capacitors as in 
Fig. 4.24 to develop an equivalent circuit of the modulator. The resis- 


 , 


OSCILLATOR 
DRIVE 


Fig. 4.23 Basic varactor modulator. 
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tance of a diode follows from the junction equation written from Eq. (2-2) 


as 
Ia = Is(eaVa/KT — 1) 


For a small diode voltage Va the junction equation can be simplified, 
using the series expansion 


2 
ealtxt+ 


\ Fig. 4.24 Varactor diode equiv- 
alent representation. 


Applying the expansion with kT/q = 25 mV, 


. | 
Ig=Ist!  forVa= Ei +E < 10 mV 
kT 
Then the diode resistance is approximated by 
V KT ) 
rm=— +=— ~~ for Va < 10 mV (4-47) 
Tg qIs | 


ta = 1092 forIs = 10 pA 


Similarly, the capacitance representation can be simplified from its 
defining relationship of | 


Co 
Ch a ee 
" W1 —Va/¢ 


where C, is the junction capacitance under zero bias and ¢ is the junction 
contact potential. For diode voltages small compared with the contact 
potential of about 0.6 V, Ca may be approximated by using the series 
expansion 


1 x 
BEE Rgsror nese =s nny 1 + ae +- ae: > ate 
V1l—x 2 
Then : | 
Ca = Cy (: —+ 53) for Va <0.6 V (4-48) 
Ca 2 10 pF 


Using the above representation for the varactor diodes, analysis models 
can be drawn for the modulator. At signal frequencies the diode capac- 
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itance presents a negligible shunt to ra, and the diodes may be represented 
by their resistances alone. To consider the average diode voltages 
established by the input signal the carrier signal can be omitted and the 
modulator equivalent circuit will be that of Fig. 4.25a. From this model, 
the average diode voltages are seen to be 


Vai = Ki Var = — Hy 


which establish the average diode capacitances as predicted by Eq. (4-48). 
Also, the differential input resistance of a varactor input amplifier is found 
from this model to be 


Ri = . for Yai = Ta = Yaa (4-49) 


Common-mode input resistance 1s determined by the leakage resistances 
of C, and C, which result in de return paths to common. In general, this 
resistance is about 1014 Q. The voltage ratings of these capacitors and 
the transformer determine the common-mode voltage limit. At the 
carrier frequency these capacitors are low impedances, resulting in the 
model of Fig. 4.25b. For carrier frequencies of 10 kHz or greater the 
reactance of the diode capacitance is commonly much less than rg, and 
the diode resistances are omitted for carrier frequency analysis. From the 
latter model the modulator output signal can be found in terms of thé 
diode capacitance difference as 


E = Car — Cas 
© Car + Caz” 
The result is expressed in terms of E;, using Eq. (4-48) for Ca with the 
previous result of Va: = Ei = —Vae. From this operation, using 
ACo = Cor — Coz and Coa = (Co1 + Coz) /2, the output is 
EK; AC, ACE; 
EK, = {— EK. f oe 4- 
(= + =) or Con. > a6 (4-50) 


Fig. 4.25 Analyses models of the modulator of Fig. 4.23 at (a) signal 
frequencies and (b) the carrier frequency. 
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Note from this result that there is an output signal for zero input, because 
of mismatched diode capacitances. This is the principal source of input 
offset voltage in the carrier section. Input bias currents are primarily due 
to unequal diode leakage currents. 

The modulated signal resolved above is amplified and demodulated to 
provide an output signal in much the same manner as described earlier for 
the chopper channel amplifier. An output switch chops the signal to 
ground to restore the output dc level prior to filtering. Heavy filtering 
removes the remaining carrier frequency component to provide an output 
which is essentially the amplified signal. Residual carrier frequency out- 
put voltage constitutes an added noise component; however, it is outside 
the amplifier frequency response and can be further attenuated by lower- 
ing the gain of the following DC amplifier at the carrier frequency. Low- 
frequency noise performance is improved by the varactor input since the 
1/f noise of the ac amplifier transistors is not amplified. 
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PHASE COMPENSATION 


Much of the precision provided by operational amplifiers is achieved 
through negative feedback around these high-gain amplifiers. As with 
any feedback system, the phase shift around the feedback loop must be 
controlled to preserve frequency stability. Asis well known, if the phase 
shift around the loop reaches 360° at a frequency for which the loop gain 
is unity, the feedback becomes effectively positive, resulting in self- 
sustaining oscillation at that frequency. The phase inversion of the nega- 
tive feedback produces a stabilizing 180° phase shift, but an additional 
180° can be developed in the amplifier or the feedback to induce oscilla- 
tion. The phase shift developed through an operational amplifier is the 
combined phase shifts of its several stages, and it can readily develop 
180° of phase shift in the feedback loop. To ensure frequency stability 
under feedback conditions, phase compensation is commonly used with 
operational amplifiers. Phase compensation reduces the amplifier gain 
at those frequencies for which phase shift is high, and it reduces high- 
frequency phase shift by accepting greater phase shift at low frequencies. 
This is accomplished by adding response poles and zeros. 

In the following sections the techniques of phase compensation are 


165 


166 DESIGN 


discussed, using Bode diagrams, and the associated frequency response 
and transient response characteristics are described. The straight-line 
response approximations of the Bode diagrams permit rapid visual evalua- 
tion of frequency stability and response characteristics for the majority 
of operational applications. Using these diagrams, the effects of phase 
compensation upon gain magnitude and phase responses can be related 
to frequency stability characteristics. A more precise method of evaluat- 
ing frequency stability characteristics is also described, which permits 
accurate determination of maximum response peaking from the gain 
magnitude and phase responses of an operational amplifier. Concluding 
the chapter is a consideration of operational amplifier step response. 
Examination of this transient response quickly reveals any frequency 
stability deficiencies, and, therefore, this response is commonly used as 
a criterion in selecting phase compensation networks. 


5.1 Frequency Stability and Bode 
Diagram Analysis 


Feedback around an operational amplifier introduces the possibility of an 
oscillatory state. In general, oscillation will result if the feedback signal 
itself is sufficient to maintain the output signal independent of any input 
signal. For this to occur, the phase shift around the feedback loop must 
make the resultant feedback positive instead of negative, and the loop 
gain must sustain the output without an input signal. The gain magni- 
tude and phase responses of the feedback loop are determined by the 
amplifier and the feedback network such as those represented in Fig. 5.1. 
Represented by @(s), the feedback factor indicates the fraction of the 
output signal which is fed back to the input. For the example shown, 
this fraction is determined by the voltage divider formed by Ri and Re. 
From the block diagram it can be seen that the gain around the feedback 
loop or the loop gain Ay is the product of the amplifier open-loop gain 
A(s) and the feedback factor 8(s) or Ay(s) = A(s)8(s). The phase shift 


Fig. 5.1 Operational amplifier with negative feedback in (a) a typical configuration 
and (b) in block diagram form. 
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around the feedback loop is then the sum of the phase shifts of the ampli- 
fier and the feedback network. 
For the block diagram, the closed-loop gain is 


EK A(s) A(s) 
 E, 1+ A(s)e(s) 1+ Ax(s) 


Instability of the amplifier results if the denominator of the above equa- 
tion becomes zero, as happens when 


Ax(s) = A(s)B(s) = 1 Z180° = —1 


Under the above condition Acz is infinite, indicating that an output results 
for no input signal. This is characterized by self-sustaining oscillation. 
Such instability is avoided by limiting the phase shift of the feedback loop 
to less than 180° when the loop gain is unity. In practice, a second con- 
dition can produce oscillation. This is developed by right half plane 
poles which correspond to a transient response which grows without 
bound. Such a signal increase, which can be initiated by noise, forces an 
amplifier into saturation where a noise signal will then drive the output 
to the opposite saturation limit, and so forth. The result is an oscillation 
between the two saturation limits. A common feedback system stability 
test is performed by plotting the loop gain magnitude versus its phase to 
ensure that the curve does not intersect or circle the point 1 2180°. 
Known as a Nyquist diagram, this test is well described in other treat- 
ments of frequency stability... Of greater interest in the operational 
amplifier case is the actual amount of phase shift present when the loop 
gain reaches unity. In addition to answering the stability question, 
for the general case of no right half plane poles, the amount of phase shift 
at this point also provides an indication of other response characteristics. 
Although 180° of phase shift must result in producing self-sustaining 
oscillations in the general case, smaller phase shifts in the feedback loop 
can result in gain response peaking and a transient response having 
overshoot and peaking. 

The phase responses of most operational amplifiers can be adequately 
approximated from their gain magnitude response curves by making 
Bode diagrams. Bode diagrams are basically straight-line approxima- 
tions to gain magnitude and phase response curves, as will be outlined. 
For operational amplifiers these responses are convenient approximations 
since operational amplifiers are essentially minimum-phase systems. By 
combining the Bode diagrams of the feedback factor B(jw) with that of 
the amplifier open-loop gain A(jw) it is generally possible to approximate 
the magnitude and phase responses of the loop gain Ar(jw) = A(jw)B(w). 
The Bode diagrams approximate the gain magnitude response curve 
plotted in decibels and the phase response curve plotted in degrees, both 
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versus frequency on a log scale. For a single-pole response the gain 
magnitude is 


Eo Ao 
|A|(dB) = 20 log Z| = 20 log 1 + j(/f,) 
Ao 
OR SE Ge (5-1) 


Below the pole frequency the gain magnitude is asymptotic to the line 
|A|(dB) = 20 log Ao forf <f, 
Above the pole frequency the asymptote is the line 


f 
|A|(dB) = 20 log (| Ao) for f > fp 
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Fig. 5.2 Single-pole gain magnitude and phase responses and their 
Bode approximations. 
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Note that the slope of this line is —20 dB per decade of frequency or 
equivalently —6 dB per octave. Inasimilar manner it can be shown that 
the asymptotic slope of a multiple-pole response is —20 dB per decade 
times the number of poles. For response zeros the slopes become positive. 
The Bode diagram approximates the gain magnitude response curves by 
these straight-line asymptotes which intersect at the pole or zero fre- 
quency, as shown in Figs. 5.2 and 5.3. Note that a maximum gain error 
of 3 dB results for the Bode-diagram approximation and it occurs at the 
pole frequency. One decade of frequency above or below the pole the 
error is negligible for most operational amplifier applications. 

Accompanying each magnitude plot in Figs. 5.2 and 5.3 are the 
associated phase response and its Bode diagram approximation aligned 
with the magnitude plot for comparison. The phase shift of the single- 
pole response expression considered above is 


f 
@ = — arctan ra (5-2) 
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Fig. 5.3 Single zero-gain magnitude and phase response curves 
and their Bode approximations. 
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At frequencies far below the pole frequency, asymptotically approaches 
zero, and far above f, the phase shift approaches —90°. These asymp- 
totes are connected in the Bode diagram by a line whose slope is —45° per 
decade as shown. Note that the phase shift at the pole frequency is 
—45°, and the error of approximation is zero at this point. The Bode 
diagram approximates the phase shift by the asymptotic limits of 0 and 
-—90° for frequencies a decade below and above f,, respectively. For 
most operational amplifier stability and response considerations the 5.7° 
maximum errors of the Bode diagram are not serious. In the case of a 
response zero the Bode phase diagram varies between asymptotes of 0 and 
90° with a slope of 45° per decade and reaches 45° at f,. Additional poles 
or zeros increase the phase response slope and final value by a factor equal 
to the number of poles or zeros. 

Using Bode diagrams the gain magnitude and phase response curves of 
operational amplifiers can be drawn to permit rapid stability evaluation. 
When these curves are considered together with those of the feedback 
network the overall responses of the feedback loop result, providing a 
stability indicator to guide the selection of phase compensation. In 
general, each stage of an operational amplifier develops a response pole, 
and the individual stage responses are determined as described in Sec. 4.1. 
By linearly adding the Bode diagrams of the separate stages, the overall 
amplifier response curves are formed as in Fig. 5.4. In this and following 
curves f; is an arbitrary frequency. As shown, each pole adds —20 dB 
per decade to the slope of the magnitude response curve, resulting in a 
—60 dB per decade slope for the three-stage example. Each pole also 
increases the slope of the phase shift response by —45° per decade for a 
decade of frequency above and below the pole frequency, and each pole 
adds —90° to the final overall phase shift. As can be seen from these 
curves, the amplifier phase shift exceeds 180° over much of the response. 
Since the phase shift of the feedback loop includes that of the amplifier, 
unstable operation can potentially occur for some feedback conditions. 

The feedback conditions determining stability discussed earlier can be 
related to operational amplifier Bode diagrams which are readily obtained. 
By experimentally deriving the gain magnitude response curve, the Bode 
diagrams of any operational amplifier can be drawn. Since the straight- 
line portions of this actual response curve represent the asymptotes of the 
response curve, continuation of these straight-line portions produces the 
gain magnitude Bode diagram and identifies the pole and zero frequencies 
at the intersections. From these pole frequencies the phase response 
curve can be drawn directly. The open-loop gain of the amplifier com- 
bines with the feedback factor to form the loop gain described earlier by 
Axr(jw) = A(jw)BGw), and stability depends generally upon the phase 
shift of Ar(jw) when its magnitude is unity. As expressed before, the 
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Fig. 5.4 Gain magnitude and phase response curves of a three-stage 
operational amplifier. 


critical condition is 
AxQjw) = A(jw)BQw) = 1 2180° 
which can be expressed as 
1 
A(jw) = —-~ Z2180° 
. B(jw) 


From this expression the point of interest is seen to be that at which the 
reciprocal of the feedback factor equals the open-loop gain in magnitude 
and the phase difference between the two is 180°. From this expression 
the condition resulting in instability can be expressed in terms of the 
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magnitude and phase characteristics of A(Qjw) and 1/8(jw). Oscillation 
will result at any frequency for which 


|AGjw)| = (5-3a) 


me [8 (jw) | 


da — Pp = 180° (5-3b) 


where ¢, is the amplifier open-loop phase shift and ¢, is the phase shift of 
1/B(jw). By plotting the Bode magnitude response of 1/8(jw) on the 
operational amplifier open-loop gain magnitude Bode diagram, the fre- 
quency at which the first condition above is met is found at the inter- 
section of the two curves. The difference in the two phase response 
curves is then examined to evaluate frequency stability. 

For many common operational amplifier applications the preceding 
frequency stability evaluation is facilitated by relying on the relationship 
between 1/8(jw) and the ideal approximation to the closed-loop amplifier 
gain Aci(jw). Frequently the two functions are nearly equal and stability 
can be evaluated by simply considering the intercept of the open-loop and 
ideal closed-loop responses. Such is the case for the basic amplifier con- 
figurations of Fig. 5.5 whose gain expressions are derived in Appendix A. 
In each case the feedback factor determining that portion of the output 
fed back to the input is simply determined by the voltage divider of Ri 
and Re, giving 


and 


Ri 
B(jw) = Rik (5-4) 


Then 1/8(jw) equals the ideal closed-loop gain expression shown for the 
noninverting amplifier. Frequency ‘stability can then be evaluated by 
examining the phase-shift difference between the open-loop gain and ideal 
closed-loop gain diagrams at the frequency of intersection of the two gain 
magnitude diagrams. 


Fig. 5.5 Basic operational amplifier configurations and their gain and feed- 
back factor relationships for (a) noninverting gain and (b) inverting gain. 
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Using this relationship for the noninverting amplifier, a stability 
evaluation is shown in Fig. 5.6 for two levels of feedback factor or ideal 
closed-loop gain. For |Acr] = |1/8| = A, the phase shift of the amplifier 
is 90°. This is also the phase shift of the feedback loop in this case, since 
the resistive feedback network has no phase shift, and the amplifier will be 
stable at this gain level. However, for closed-loop gains equal to A» or 
less the phase shift is 180°, and oscillation will result at the frequency of 
the intersection of the open-loop and closed-loop gain magnitude plots. 
Operation at closed-loop gain levels between A; and A, results in feedback 
loop phase shifts between 90 and 180° which develops varying degrees of 
response peaking and overshoot. These characteristics will be described 
in Sec. 5.3. A similar analysis can be performed for the inverting amp- 
lifier of Fig. 5.5b for which 1/8 = —Ac,r +1. For high closed-loop 
gains the 1/8 magnitude and phase responses are essentially those of 
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Fig. 5.6 Frequency stability evaluation for two levels of feedback factor 
or noninverting amplifier gain. 
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—Acr = R2/Ri, and the stability evaluation can be made in the same 
manner as for the noninverting case. When lower gains are involved for 
the inverting amplifier, the |1/8| curve is drawn by adding 1 to the closed- 
loop gain magnitude curve of — Act. 

For the resistive feedback cases considered above, the phase shift of the 
feedback loop is solely that of the amplifier. Control of amplifier phase 
shift is then sufficient to ensure frequency stability. However, when 
capacitive or inductive elements are used for feedback, it may also be 
necessary to control the phase shift of the feedback network. Such is the 
case for the differentiator circuit of Fig. 5.7 having 


xm = 1+ jwReC = —Acr(jw) + 1 

B(jw) 
Plotting the magnitude of 1/8(jw) on the gain magnitude diagram of the 
amplifier results in Fig. 5.8. From these magnitude curves the phase 
_ shifts of A(jw) and 1/8(jw) are known from the Bode diagram techniques, 
and the phase difference ¢, — ¢» is plotted directly. The latter curve 
indicates that the phase difference is 180° at the frequency of intersection 
of the two magnitude diagrams. The differentiator will then oscillate 
at this frequency unless the phase difference is reduced. Note that 
reduced phase difference between A(jw) and 1/8(jw) corresponds to a 
smaller difference in slopes of the magnitude curves. By adding a 
response pole to 1/8, as shown for the compensated response, stability 
is restored. A pole is added to the differentiator circuit by inserting a 
resistor in series with C. Denoting this resistor as Ri, the responses are 
modified as shown to result in 90° phase difference at the intercept 
frequency. 


5.2 Phase Compensation Techniques 


By adding poles and zeros to the frequency response of an operational 
amplifier, its phase is compensated to ensure stability and limit response 
peaking, overshoot, and ringing. Fora specific amplifier application the 
phase compensation is chosen to accommodate the feedback conditions 
involved, but for a general-purpose amplifier the compensation is selected 


Fig. 5.7. Differentiator circuit. 
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Fig. 5.8 Stability evaluation of the differentiator of Fig. 5.7. 


for operation under a wide range of feedback conditions. Typically the 
phase shift of the general-purpose amplifier is controlled to be around 
135° or less over the entire frequency range for which the amplifier open- 
loop gain is unity or greater. Beyond the amplifier unity-gain crossover 
frequency, phase shift does not have to be limited since unity loop gain 
A, = A@ cannot be developed beyond this point with passive feedback 
networks which limit 6 to a maximum of 1. If the phase shift of 1/@(jw) 
at the intercept frequency considered in Sec. 5.1 is small, the phase shift 
of the feedback loop at this critical point will be essentially that of the 
amplifier. Feedback loop phase shifts limited to 135° at the intersection 
frequency of the A(jw) and 1/8(jw) magnitude curves ensure phase 
margins of at least 45° from the 180° critical phase-shift level. A 
45° phase margin is typically chosen to limit frequency response peaking 
and to control transient response overshoot and ringing. The phase 
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compensation of a general-purpose operational amplifier is then chosen 
to provide a phase margin of 45° or more for any closed-loop gain of unity 
or greater, assuming that the phase shift of the feedback network is 
small at the critical intercept frequency. 

With more than one stage in an operational amplifier the phase shift 
through the amplifier will readily exceed 135°, as discussed in the previous 
section. To control frequency response characteristics the phase com- 
pensation poles and zeros are added to the amplifier response, lowering 
the gain at frequencies for which phase shift is high and decreasing high- 
frequency phase shift. Several techniques of phase compensation will 
be discussed involving the use of an RC shunt, Miller-effect multiplica- 
tion of a feedback capacitance, and the feedforward approach to wide- 
band response. The basic series RC phase compensation network shown 
as R, and C, in Fig. 5.9 shunts the output of one differential stage of an 
operational amplifier to create a pole and a zero and to shift the original 
pole of the stage to a higher frequency. In the figure Ry. and Cre 
represent the loading effects of the following stage. Since Cre is con- 
trolled by stage interaction it is best approximated by using the technique 
described in Sec. 4.1. Generally, the RC shunt phase compensation is 
connected at the first stage of an operational amplifier to optimize slewing 
rate. This optimum results because the low voltage swing at the first- 
stage output can be developed on C, with far less current than required 
for the larger voltage swings on later stages. 
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Fig. 5.9 Series RC phase compensation applied to a differential stage. 
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To develop expressions describing response the differential stage is 
replaced by the model of Fig. 1.12, or of Fig. 1.15 for an FET stage, 
resulting in an equivalent circuit such as that of Fig. 5.10a. Combining 
the parallel resistive and capacitive elements, the simplified model of 
Fig. 5.10b is the result for 

Rr = Ro||2Rel| Ris 
CL = Oo + Cre 


From the simplified model the uncompensated response pole is at 


1 


iS 
2rRiCri 


The addition of R, and C, results in a compensated response of 


Ao (1 a R,C,s) 


ON a ee 
Ry, CriR,C,s8? + (RiCyz + RC. + RziC,.)s +. 1 


For typical phase compensation networks the resistor Rx is much smaller 
than the stage load resistance Ry, and the term R,C, can be neglected in 
comparison with RC, above. Similarly Cr « C,, and the term RyCz 
can be omitted. With these simplifications the quadratic equation is 
used to solve for the roots of the denominator which are the response 


poles. This gives 
~1 J abs) 
= lial —- —— 
o ORIO: ( = RC. 


The second term under the square-root sign is small compared with unity 
since Rx « Rr and Cy «< C, for the general case. Thus, the square- 
root term may be simplified with the binomial expansion 


to get 


(a) (b) 


Fig. 5.10 Equivalent circuits of the phase-compensated stage of Fig. 5.9. 
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Fig.5.11 Bode diagram representation of the effects of series 
RC phase compensation on a differential stage. 


From this result the pole frequencies are found to be 


1 
fo 
for Rx < Rr Cy > Cr 
1 
/ = ———_ 5- 
pte 29 R,Cr (5-6) 
The response zero from the numerator of the gain expression is at 
1 
= = > o-7 
: — « 2rRxCx a 


For the preceding response approximation the gain of a phase-compen- 
sated differential stage is described by 
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Ao(1 + jwR,C,) 
(1 + jwRiC,)(1 + joR,Cx) 


The effect of the phase compensation is displayed by comparing the Bode 
diagrams of this response with that of the uncompensated case, as in 
Fig. 5.11. Note that the phase compensation reduces both gain and phase 
shift at high frequencies. Both effects tend to improve the stability of 
the typical amplifier whose phase-shift buildup becomes large at high 
frequencies. Note that increasing C, lowers the first pole frequency and 
that decreasing R, increases the second pole frequency and the zero fre- 
quency. Phase compensation changes in these directions improve fre- 
quency stability by the associated greater shunting of the stage output. 
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Fig. 5.12 Three-pole amplifier response compensated to provide 
a —6 dB per octave magnitude slope and 45° phase margin. 
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Through the addition of response poles and zeros as described above, the 
response of an operational amplifier can be tailored to provide 45° phase 
margin in a variety of ways. The most straightforward response shaping 
limits the slope of the gain magnitude response curve to no more than 
—20 dB per decade, or equivalently —6 dB per octave, until the gain 
magnitude is below unity. Such a compensated response resembles that 
of a single-pole network and limits phase shift to 90° over most of the 
frequency range for which gain is unity or greater. From the compen- 
sated response curve of Fig. 5.12, the —6 dB per octave compensated 
response has an associated 45° phase margin at the unity-gain crossover 
frequency if the remaining poles occur at sufficiently higher frequency. 
For all higher gain levels the phase margin would be greater than 45°. 
Without the phase compensation such phase margin would result only 
over a small range of closed-loop gains as bounded by the level Ai shown. 
The above compensation can be achieved by the series RC shunt just 
described. With this technique the phase compensation capacitance Cx 
would be used to produce the added low-frequency pole, and the compen- 
sation resistor R, would be chosen to create a response zero with C, 
which coincides with and cancels one of the original low-frequency poles. 
The other low-frequency pole is moved to a much higher frequency beyond 
the unity-gain crossover by the low impedance shunting of the compen- 
sation network. Each of these response changes occurs as previously 
analyzed for the RC shunt network. The remaining pole of the amplifier 
which originally occurred below crossover is unaffected by the compensa- 
tion, and two poles result beyond crossover for this compensated response. 

A simple modification of this technique is frequently made to achieve 
additional gain and better slewing rate with the compensated response. 
By decreasing the phase compensation capacitance from that chosen 
above, the frequency of the added pole and zero are increased, resulting 
in the Bode diagrams of Fig. 5.13. In this case the zero no longer coin- 
cides with one of the original poles, and the slope of the magnitude 
response curve reaches — 12 dB per octave at a low frequency. However, 
the frequency range over which this slope extends is limited to avoid 
phase shifts above 135° as indicated. For this compensation the phase 
margin is lower for some high-gain levels, but it never falls below 45°. It 
can be seen that, with stability thus preserved, higher open-loop gain is 
achieved for much of the mid-frequency range by using this compensation 
technique. In addition, the reduced phase compensation capacitance 
raises the slewing rate limit imposed by the capacitance. 

Departing from the RC shunt compensation, another phase compensa- 
tion technique ensures exact coincidence of a compensation zero with an 
amplifier pole to provide an accurate —6 dB per octave slope. Sucha 
response may be desired when the feedback network contributes enough 
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phase shift to the loop that the amplifier phase shift of the last case is not 
acceptable. As will be described, feedback capacitance around an inter- 
mediate stage provides phase compensation through Miller-effect multi- 
plication of the capacitance and develops a response zero coincident with 
the pole of that stage. Such compensation is illustrated in Fig. 5.14 for a 
two-stage amplifier. For a response analysis of this amplifier the output 
circuit model of Fig. 1.12 is used for the first stage, and the second-stage 
loading is represented by the stage input resistance, input capacitance, 
and the Miller-effect capacitance Cy, as shown. Upon combining the 
various resistive elements and adding the two stage capacitances, this 


COMPENSATED 
————— UNCOMPENSATED 
| A| (dB) 

Ao 

f 

\ 10kf, 100k f 

© 
-90° 
—135° 
~180° 
~ 270° 


Fig. 5.13 Three-pole amplifier response of Fig. 5.12 compen- 
sated for 45° phase margin with —6 dB per octave and —12 dB 
per octave magnitude slopes. 


182 DESIGN 


(b) 


VO 


(a) 


Fig. 5.14 (a) Miller-effect phase-compensated operational amplifier and (b) first- 
stage output circuit model. 


analysis model is simplified to that of Fig. 5.15a, where 


/ 


R 
Ri = a || Ro|| Rae 
Cr = 2C) + Cre 


From this model a single-pole frequency response would be expected for 
the first stage except that the Miller capacitance Cy is a function of fre- 
quency through its dependence on the second-stage gain. This capaci- 
tance is expressed by 


Aoe 


Ca ai C, = (1 -— ————_ 
( ) ( 1 + jf/fps 


\ Aoz < 0 


where Aoe and fpe are the second-stage de gain and pole frequency. 

As a result of this frequency-dependent phase compensation capaci- 
tance, the compensation adds more than a single pole, and the response 
approximation technique of Sec. 4.1 will be used to analyze the compen- 
sation effects. At low frequencies C,, is essentially determined by the de 

gain of the second stage and can be approximated by its low-frequency 


pe (b) 


Fig. 5.15 (a) Simplified response analysis model of Fig. 5.14 and (b) the 
response of its Miller-effect capacitance Cm. 
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limit as 
Crt = (1 = Ao2z)C, 


In general, this capacitance is chosen to create a phase compensation pole 
at a frequency below that of Az so that C,, will be at essentially this higher 
limit when it develops the first pole. Then, with the model of Fig. 5.15a 
the first pole is found to be at 


1 
fox = 


= —-_____— for —A 1 — Ao2oC, = 
~onRi AoC, or 02 > o2Cy >> Cr (5-8) 


However, the capacitive shunting effect which created the above pole is 
interrupted when the second-stage pole is reached. At fp2 the gain which 
multiplied the effectiof Cx falls, and the reactance of C,, becomes essentially 
a constant or simply resistive-for a range of frequencies, as shown in Fig. 
5.15b. When its reactance becomes constant, Cm does not further shunt 
the first-stage load to produce continued gain decrease. In other words, 
a response zero has been added to the first-stage output circuit which 
coincides with the second-stage output circuit pole, as shown in Fig. 5.16. 
At this frequency no overall response change occurs. Following this por- 
tion of its reactance curve, C,, reaches its high-frequency limit of C,, and 
the reactance again decreases to develop a response pole at 


; 1 


Tp = oR (Cr + Cx) 
where Ry, = Rx||(1/2mfp2AcsCx) 


(5-9) 


Note from the gain magnitude plots that this shifted first-stage pole occurs 
at that frequency at which the compensated stage response returns to the 
uncompensated response. By adding the gain magnitude plots of the 
two stages, the overall amplifier response results as shown with the com- 
pensated response slope at — 6 dB per octave prior to the unity-gain cross- 
over frequency. 

An additional common phase compensation technique is that of feed- 
forward which achieves wideband response. With this approach the 
frequency limitations of the high-gain portion of an operational amplifier 
are partly avoided by feeding a signal around that portion of the amplifier. 
As indicated in Fig. 5.17 the input signal is amplified by both a high-gain, 
low-frequency channel and a low-gain, high-frequency channel, as was the 
case considered for the chopper-stabilized amplifier. The high-gain 
channel provides the high accuracy under feedback at low frequencies 
normally achieved with operational amplifiers. The high-frequency 
channel provides a low-phase-shift path through the amplifier at high 
frequencies to maintain frequency stability. Even though the high-gain 
channel might develop very high phase shifts at higher frequencies, the 
gain of the high-frequency path will dominate at these frequencies and 
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Fig. 5.16 Gain magnitude Bode diagrams of the separate 
stages and overall amplifier for the Miller-effect phase- 
compensated amplifier of Fig. 5.14a. 


control the phase shift of the overall amplifier. From the block diagram, 
the overall amplifier gain will be the algebraic sum of the gains of the two 
channels as expressed by 


| jwRC ) 
Re hee : 
( * " 1+ joRC As (5-10) 


where R is the resistance at the feedforward capacitor connection points. 
At low frequencies the first term above dominates, and at high frequencies 
the second term controls the gain when the magnitude of A, becomes 
much less than unity. | 

These characteristics are displayed by the associated Bode diagram of 
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Fig. 5.17 Block diagram of 
a feedforward operational 
amplifier. 


Fig. 5.18 which also shows the responses of the two separate channels. 
Note that the conventional response A,;A2 can now have more than one 
pole before its unity-gain crossover since the high-frequency channel 
controls stability over part of its response. This fact permits use of 
less severe phase compensation in the high-gain channel. By easing this 
phase compensation and adding high-frequency gain im the other channel, 
the response of the feedforward amplifier can be increased an order of 
magnitude. In some cases unity-gain crossover frequencies of 100 MHz 
and slewing rates of 1,000 V/us are achieved. Of critical importance 
‘in attaining such response with frequency stability is the manner in 
which the responses of the two channels add at the transition from one 
response to the other. If phase shift in the high-gain channel approaches 
—180° at the transition, the two signals can be of opposite phase and 
would cancel to develop a response notch. Also, if this phase shift 
reaches —180° before the transition, oscillation can occur for operation 
in the affected range. 

When the phase compensation is chosen for an operational amplifier, 
the external impedances presented to its terminals during actual use 
should be considered. Both the source impedance presented to the 
inputs and the load impedance connected to the output can alter the 
frequency stability characteristics of the amplifier. High source resis- 
tances lower the frequency of the first-stage response pole, as described 
by the differential-stage response analysis of Sec. 1.2. In this case the 


Fig.5.18 Feedforward amplifier 
separate channel and overall 
Bode diagrams. 
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feedback loop will acquire greater phase shift because of the low-pass 
filter action of the feedback resistance and the input capacitance. Cor- 
rection for this added phase shift is commonly achieved with a capacitive 
bypass of the feedback resistor. Also, the output load impedance affects 
the responses of the later stages. For the common case of an emitter- | 
follower output stage the effect of a capacitive load will primarily be 
reflected as increased input capacitance to this stage. From this increase, 
the response pole frequency of the preceding-stage output circuit will 
drop and the phase shift below the crossover frequency will similarly 
increase. 


5.3 Frequency Response Peaking and 
Step Response 


In the preceding sections of this chapter the gain magnitude and phase 
response curves of an operational amplifier were used as a test for fre- 
quency stability and as a guide in choosing phase compensation. Phase 
compensation was used to limit the phase shift of the feedback loop at 
its unity-gain point to less than 180°, thereby providing a phase margin. 
In this section a closer examination is made of the dependence of amplifier 
response characteristics upon the feedback loop response. The response 
of the feedback loop gain determines frequency response peaking along 
with the overshoot, ringing, and settling time of the step response. For 
response peaking analysis a simple graphical technique is developed which 
permits determination of the response peak level without plotting the 
entire response. Characteristics of the amplifier step response are 
described by relating them to the response of a second-order system. 

Application of negative feedback around an operational amplifier 
constrains the amplifier response to some closed-loop response as repre- 
sented in Fig. 5.19. However, at high frequencies the decrease in loop 
gain diminishes the feedback control and the phase shift added by the 
second response pole shown raises the feedback loop phase lag above 90°. 

——— ACTUAL 


RESPONSE 


——— APPROXIMATE 
RESPONSE 


Fig. 5.19 Closed-loop response | 


CLOSED LOOP peaking. 
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As a result, the closed-loop response deviates from its straight-line approx- 
imation and peaks near the intercept of this approximate curve with 
the open-loop response. Since this peaking represents closed-loop gain 
error, it is desirable to know the magnitude of the response more accu- 
rately, as can be found from the closed-loop gain expression. First for 
the noninverting case the closed-loop gain from Appendix A can be 
expressed as 


A 1/8 


Acu = 7 "ag 14 V/AB 


Separating the magnitude and phase of the open-loop gain term A, it is 
written as 
A = |Ale%# 


By substituting this in the preceding expression; Ac, becomes 


1/6 


Ac, = ————— 
ee 1 + e-#/|Al8 


or 
oo OB 
1 + (cos ¢)/|A|6 — j[(sin ¢)/|A]g] 


When @ is a constant, as provided by resistive feedback components, the 
magnitude of the closed-loop gain will be 


1/8 
V1 + (2 cos ¢)/|A|B + 1/|A|26? 


Act 


|Acx| —= (5-11) 


where 
@ = arg A 


Using this result, the closed-loop gain magnitude response can be drawn 
from the open-loop gain magnitude and phase responses. 

As a measure of maximum gain error due to peaking, only the maximum 
closed-loop gain need be found. This approach permits a much simpler 
evaluation of response peaking. To find the condition for maximum 
closed-loop gain magnitude the expression for |Acrz| in Eq. (5-11) is 
differentiated with respect to |A| and equated to zero. In this way the 
maximum is found to occur when the loop gain magnitude and amplifier 
phase shift are related by 


(Ape (5-12) 


COS dp 


where (|A|@)p and ¢p occur at the closed-loop response peak. The maxi- 
mum closed-loop gain is resolved by substituting this relationship in 
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Eq. (5-11) to get 


_ 1/6 
|Acr|max ae sia re (5-13) 


To simplify analysis, this result may be expressed in terms of the gain of 

the peak alone, giving a direct measure of the amount of peaking. In 

decibel form the gain of the peak will be 

|Act| max 
A 


OCL 


|Ap| = 20 log 


where Aoct is the de or ideal closed-loop gain provided by the feedback. 
This gain is defined by Eq. (5-11) for ¢ = 0° and |A|@ > 1 to be 
| 1 
Aoct == B 
By substituting this expression and that of Eq. (5-13) in the expression 
for |Ap|, the magnitude of the gain peak is found to be 


|Ap| = 20 log (5-14) 


sin op 
With this result the maximum amount of peaking resulting for a given 
closed-loop gain can be found, once ¢p has been found, by using the 
condition for maximum |Acrz| expressed by Eq. (5-12). 

_ To find the value of amplifier phase shift ¢p at which the peak occurs, a 
graphical solution can be used to avoid trial-and-error evaluation. The 
closed-loop gain peaks at that point for which the loop gain magnitude 
|A|@ curve versus phase shift ¢ intersects the curve defined by the con- 
dition of Eq. (5-12). From the amplifier open-loop gain magnitude and 
phase curves the |A|@ versus ¢ curve for a given resistive feedback con- 
dition can be drawn on a curve of (|A|@)p versus ¢p to find the point of 
interest. The latter curve is plotted along with |Ap| of Eq. (5-14) in 
Fig. 5.20 for peaking evaluation in the constant 6 case. To use these 
curves, |A|8 versus ¢ is plotted as shown by the dashed-line example. 
The intersection of this curve with (|A|@)p identifies ¢p or the phase shift 
at the gain peak. At this value of dp the peaking maximum is found 
from the |Ap| curve and is 5.5 dB for the example used. The frequency 
of the peak can be found from the open-loop phase plot. 

In addition to defining peaking for the noninverting case above, it can 
be shown that the same curves apply for the inverting connection. From 
Appendix A the gain relationship for the inverting configuration can be 
expressed as | 

1 — 1/8 


DO aa Ae 
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Fig.5.20 Curves for determina- 
tion of closed-loop peaking. 
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(|A|B)p= 20 log ae 


= 
cos¢p' 


Following the previous analysis, the condition for maximum |Acr]| is 
again found to be 


(|A|8)p = 


COS dp 


Since this condition is the same as that expressed by Eq. (5-12) for the 
noninverting case, the (|A|@)p curve of Fig. 5.20 applies to the inverting 
configuration. The gain maximum is found to be 


1 — 1/8 


oe (5-15) 


|Acr| max = 


In this case Aocr is found to be 1 — 1/6 and the peaking gain is again 


|Acr]| max 


|Ap| = 20 log 


= 20 log 


sin dp 


Thus, the peaking gain for the inverting case is identical to that of the 
noninverting connection, and the second curve of Fig. 5.20 also applies to 
both cases. 

One additional step can be made to approximately relate peaking to the 
phase margin used previously as the guide in selection of phase compen- 
sation. This is achieved by relating the gain and phase at each point of 
the (|A|@)p curve to an associated phase shift at the |A|8 = 1 point. For 
a given loop response there is a unique value of @ and, thereby, of phase 
margin ¢m which will result at the |A/@ = 1 point for a closed-loop 
response which passes through a given point of the (|A|8)p curve. Asso- 
ciated with each point on the (|A/@)p curve is a value of peaking gain 
found from the |Ap| curve. For the most general case an open-loop 
response curve will be considered for which only one pole significantly 
influences the phase response slope in the region of interest, as in Fig. 5.21. 
As long as the point of interest is at least a decade in frequency away from 
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) [A] (dB) 


| a (IAlB), Fig. 5.21 Response curve used 
to define peaking versus phase 
margin. 


all pole locations, except one, only this nearest pole influences the varia- 
tion of @ with frequency. Then the frequency location of the peak fp 
with respect to this pole is defined for a given @¢p as indicated. The 
associated value of (|A|8)p defines a Af between fp and the intercept as 
shown, and Af determines the added phase shift. In this way the phase 
shift at the intercept and the associated phase margin are found to result 
in the curve of peaking versus phase margin in Fig. 5.22. Similar curves 
can be drawn for other more specialized open-loop response conditions. 

The step response characteristics of a multiple-pole operational 
amplifier have complex relationships to the poles and are not readily 
expressed mathematically except for specific cases. However, an 
approximation to the amplifier frequency response can be made to simplify 
the step response analysis. For the general case in which the frequency 
response is primarily controlled by only two poles, the well-established 
second-order system response characteristics can be applied to an 
operational amplifier. This approximation 1s fairly accurate as long as 
additional response poles or zeros occur at no less than a decade higher 
frequency than the |A|@ = 1 intercept frequency of interest. Such is the 
case for the previous amplifier response of Fig. 5.21. In order to relate 
the amplifier response to the second-order system results, the closed-loop 
gain is rewritten, assuming a two-pole open-loop gain response of 
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From the previous analysis the closed-loop gain is 


Aocu 


~ 1+ 1/AB 


where Aocyi = 1/8 for the noninverting case and Aoc, = 1 — 1/6 in the 
inverting configuration. By combining the last two expressions, the 
closed-loop gain can be written as 


Act 


ete Aoct 
— 1 — w?/AoBwyp1wp2 i j(w/AoB) (1/wp1 = 1/wp2) 


In second-order system format the closed-loop gain 1s 


A - Aocri 
A = Jeon? + 2Ej(w/en) 


which has a step response described by? 


(5-16) 


—fwnt 


€o(t) = Aocreéi(t) E = Sonia (Wn V1 os ee ie cos? 0) | 


The characteristics of this response can be related to amplifier parameters 
by comparing the last three equations. First it is seen that 


On = V AoBupimpe (5-17) 


where w, 1s the natural frequency of oscillation. This frequency and the 
damping ratio ¢ determine the response overshoot and ringing illustrated 
in Fig. 5.28. By again comparing the two previous expressions for Act, 
the damping ratio is expressed also in terms of amplifier characteristics as 


Wpl + Wp2 


a 
2 V A oBupieps 


(5-18) 


The frequency of the ringing shown is defined by the sine term of the step 
response equation and is the damped frequency of oscillation as expressed 
by 

wa = on VI — &? (5-19) 


Both the initial overshoot and the continued ringing of the step response 
represent transient errors of the amplifier. To describe this error the 
maxima and minima or peaks of the step response function are found by 
differentiating the response equation with respect to time and setting it 
equal to zero. From this operation the times at which the peaks occur 
are found to be 


ies Weis 2... (5-20) 
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Fig. 5.23 Step response for the two-pole response approximation for various 
levels of damping ratio. 


By substituting this result into the step response equation, the expression 
for the peaks is found to be 
Co (t) | = C nT 
———— = | + exp ———— 
rears max V1— ?? 


The overshoot or the amount by which the last expression exceeds unity 
for n = 1 is expressed as a percentage by 


(5-21) 
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Overshoot = 100% exp (5-22) 


— Cr 
V1 — & 

Although the overshoot identifies the maximum transient response 
error following the initial rise or fall, the characteristic more often of 
interest is the time required for the amplifier output to settle to within 
a certain accuracy following a transient. This characteristic is called 
setiling ttme and is commonly specified as the time required for response 
settling to within 0.1 or 0.01 percent of final value. Within this time the 
magnitudes of the ringing and other transient responses have dropped to 
the specified percentage of the output. For small-signal settling time, 
as governed by the above analysis, the first peak within the error band 
approximately defines settling time. For an error band of x percent the 
appropriate peak is that for the smallest value of n satisfying 


— (n01r 
V1 — 


With the value of n found in this way, a conservative estimate of small- 
signal settling time is provided by Eq. (5-20) for tp. 

In addition to the small-signal step response described above, the 
analogous characteristics under large-signal conditions are critical aspects 
of operational amplifier behavior. Output signals in most applications 
exceed the several-hundred-millivolt range for which transient response is 
governed by small-signal conditions. Generally large-signal transient 
response is greatly altered by nonlinear operation and bias disturbances 
developed by the large transients. Nonlinear amplification results as 
the amplifier output swing becomes rate-limited, and the swing can no 
longer respond within the small-signal rise time. Settling time then 
increases. As outlined in Sec. 3.1, output response speed is bounded by 
the slewing rate limit imposed by circuit capacitances. Slewing rate is 
limited by the ability of the circuit to provide charging current to such 
capacitances, and the dominant limit is commonly the phase compensation 
capacitance. When the phase compensation is connected to a differential 
stage, the stage will unbalance under feedback during rate limit to 
supply the total stage current to the capacitance. Under this condition 
the slewing rate across the capacitor is 


100% exp < xG] 


decx 2Ic¢ 
= — 5-23 
dt C,, One) 


where Ic is the quiescent collector current of one side of the stage. This 
slewing rate is amplified by the gain following C,. Because of the imposed 
rate of change limit, the output signal is distorted from the input signal 
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shape as indicated in Fig. 5.24. Following the output signal rise in the 
large-signal step response a further increase in settling time frequently 
results from associated bias disturbances. Circuit capacitances which 
were rapidly charged by the input signal rise may affect bias voltages, 
and the slow discharging of these capacitances can produce output errors 
with long settling times. 

Also available from the second-order system characteristics used for 
the small-signal step response is a prediction of peaking from the damping 
ratio ¢. Although this representation of peaking is limited to the two- 
pole response approximation, it does provide a simple peaking evaluation. 
As before, the amount of peaking is derived by finding the maximum of 
the closed-loop gain magnitude. From the gain expression of Eq. 
(5-16), the gain magnitude is 


Aoct 


VL = @?/an?)? + 4(6?w?/en?) 


By equating the derivative of this equation with respect to w to zero, the 
condition at the peak is found to be 


O= On V1 — 202 © (5-24) 


Substitution of the result in the above gain magnitude result yields the 
maximum closed-loop gain magnitude of 7 


|Act| = 


Aoct 


Ach nx. === 
es ¢ VI & 


Fig. 5.24 Output signal distor- 
tion produced by slewing rate 
limiting. 
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The peaking gain Ap then has a magnitude of 


A max 
|Ap| = 20 log Aczlmex 
OCL 
1 
|Ap| = 20 log V1 oe (5-25) 


Using this result, the amount of peaking under the second-order system 
approximation is rapidly found. Alternatively, the approximate peak- 
ing can be found from a family of curves of |Acz| for various values of £ 
as presented in Fig. 5.25. 

In practice the phase compensation is chosen by considering the various 
response characteristics to minimize gain error. Gain errors result from 
the magnitude peaking, overshoot, ringing, settling time, and slewing rate 
limit of an operational amplifier. The control of the small-signal response 
characteristics is achieved by maintaining phase margin. In Sec. 5.2 
the phase margin ¢, desired as a result of phase compensation was defined 
as approximately 45°. To relate small-signal response characteristics to 
phase margin the frequently encountered two-pole response case depicted 
earlier in Fig. 5.21 is considered. When the intercept of the closed-loop 
and open-loop responses is at least a decade in frequency above the first 
pole frequency, the peaking magnitude is related to ¢m by the curve of 
Fig. 5.22. The overshoot may also be related to ¢m by associating the 
peaking of this curve with that of the general second-order system of 
Eq. (5-25). From this comparison the damping ratio ¢ for a given phase 
margin is found. The damping ratio in turn defines overshoot from Eq. 
(5-22) to result in the plot of overshoot versus ¢m in Fig. 5.26. 

In practice, the selection of operational amplifier phase compensation is 
greatly aided by experimental evaluation of response characteristics. 
Phase compensation deficiencies are rapidly detected by observing the 
amplifier step response with a square-wave input signal. The analytical 
relationships serve as a guide in the experimental process by associating 
response deficiencies with their sources and directing their resolution. 
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Those response characteristics not well approximated by the analytical 
expressions such as large-signal settling time must be evaluated solely 
by experiment. To select phase compensation its component values can 
be varied while initially observing small-signal overshoot and ringing 
to find optimum values. By repeating this procedure at various closed- 
loop gain levels a phase compensation can be chosen for general-purpose 
applications of any gain level. Specific closed-loop gains at which the 
square-wave test should be performed in choosing this general-purpose 
compensation can be identified from the slope of the open-loop gain 
magnitude response curve. Tests should be made in the vicinity of 
those gain levels for which the response slope suggests phase margins 
approaching 45° or less. Generally, the worst case results for the unity- 
gain voltage follower configuration as the feedback factor @ is then at its 
maximum of unity, and the open-loop phase shift is commonly highest at 
the associated high-frequency intercept. Once the step response has 
been optimized, the magnitude peaking, slewing rate, and settling time 
are examined. 
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APPLICATION 
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LINEAR CIRCUIT 
APPLICATIONS 


In this chapter we discuss some of the most frequently encountered linear 
circuit applications of operational amplifiers. These include differential 
DC amplifiers, bridge amplifiers, analog integrators, differentiators, line- 
driving amplifiers, ac-coupled feedback amplifiers, current-to-voltage 
converters, reference voltage sources, voltage regulators, current ampli- 
fiers, and charge amplifiers. The details of these applications are given 
in the sections which follow. Inverting, noninverting, and summing 
amplifiers are discussed in the basic theory of Appendix A. 


6.1 Differential DC Amplifiers 


The amplifiers to be discussed in this section are most descriptively known 
as differential DC amplifiers, denoting the fact that they amplify the 
difference between two signals and that the inputs are direct-coupled. 
Other common terms used for this basic type of amplifier are transducer 
amplifier, bridge amplifier, data amplifier, instrumentation amplifier, 
difference amplifier, and error amplifier. Such amplifiers are easily 
realized through the use of one or more operational amplifiers with linear 
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feedback. The idealized characteristics of these amplifiers are infinite 
input impedance, zero output impedance, no de offsets or drift, zero 
amplifier noise, a constant gain factor with no gain error, and complete 
rejection of signals common to both inputs (infinite common-mode 
rejection). Inputs are typically from transducers which convert a phy- 
sical parameter and its variations to electrical signals. Examples of such 
transducers are thermocouples, strain-gage bridges, etc. Several types 
of such differential DC amplifiers, of varying complexity and performance 
characteristics, are discussed in the following paragraphs. 


6.1.1 Differential DC amplifiers using one operational amplifier?®’ 
The circuit of Fig. 6.1a has the virtue of simplicity, using only one opera- 
tional amplifier and four matched resistors. The presence of a common- 
mode voltage eom and a differential voltage e: — e2 are characteristic of 
most transducers. The common-mode voltage may represent a de level, 
as in a bridge, or may be noise pickup. If an ideal operational amplifier is 
assumed, the following equations apply: 


. Ra 
€3 = (€em + €2) R, +R, 
Gem + €1 — €3 — €3 — Co 
Ri Re 


Combining these gives the resulting equation for output voltage, 


RaRe + RaRi — ReR3s — ReRa _ Re ‘ Ra Le R2/Ri | 
Ri(Rs + Ra) Ri Rel + Ri/Rs 


If Re/Ri = Ru/Rs, the above equation reduces to e, = (Re/R1)(e2 — e1). 
The resistor ratios Re/Ri and R4/R3 must be carefully matched in order 
to ensure the rejection of common-mode signals. The value of these 
resistor ratios sets the gain for differential signals. These equations 
illustrate the performance of the circuit when one is dealing with zero 
source impedances and nonzero common-mode signals. For zero source 
impedance the gain is determined solely by the feedback resistors and, if 
these resistors are matched in pairs as indicated, common-mode signals 
are rejected completely. Actually, of course, the operational amplifier 
has been assumed ideal in having infinite input impedance, infinite gain, 
and infinite common-mode rejection. If these factors are given real 
values and their effects evaluated, it will be found that the finite input 
impedance of the operational amplifier and its inherent finite common- 
mode rejection will place limits on the overall common-mode rejection of 
the closed-loop differential amplifier. The finite open-loop gain will 
limit the gain accuracy of the overall circuit. 


Co = Com 
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Figure 6.1b illustrates a model for unbalanced source impedances and 
their interactions with the finite resistances of the amplifier feedback 
network. An analysis similar to that for the circuit of Fig. 6.la yields 


Re (Rs, ae Rs,) 


cee (Rye RoR oe 
, _®: E + (Rit Rs)/Re :] 
Rit Rs,{1+(Rs+Rs,)/Ri 


Note that, if the source impedances are nonzero but equal, the only effect 
is a gain error due to the source loading. However, if the source imped- 
ances are also unequal, the common-mode rejection 1s degraded. Input 
bias currents (Ipi, Is2) and input voltage offset (Vos) of the operational 
amplifier will cause de offset errors at the output of the differential 
amplifier circuit. Bias current (Ipe) from the noninverting side of the 
operational amplifier flows through the parallel combination of Ry and R3 
to create a de error voltage at the noninverting input terminal. This de 
voltage effectively adds to the offset voltage of the operational amplifier 
and is amplified by the factor (Re + R:)/R:. Bias current (Igi) from 
the inverting input of the operational amplifier flows principally through 
resistor Re and causes an output offset adding to the other two compo- 
nents to give the total de offset error of 

Re + Ri R3sRy Re + Ri 


bose Veg oe 
os = Vos R, + Ise RiR. Rk 


a Tpik, 


_ Tracking between the two bias currents reduces the bias-current-induced 
error term by as much as a factor of 10. The principal limitations of this 
circuit are its low input impedance and the difficulty of varying the gain. 
The input impedance, of course, is determined by the feedback and input 
resistors. If these resistors are made large in order to increase the input 
impedance the dc errors due to bias currents will be proportionately 
increased, thus placing an upper limit on the feasible values of input 
impedance. The gain of the differential amplifier can be changed only by 
varying the ratios of the feedback resistors. Because of the necessity of 
maintaining the equality of the resistive ratios, it is quite difficult to 
continuously vary the gain. Gain steps can be achieved if the common- 
mode rejection is carefully adjusted at each gain setting. The differential 
amplifier circuit of Fig. 6.2 is a similar type of circuit with the added 
feature of a gain vernier which allows the gain to be continuously varied 
without affecting the common-mode rejection of the circuit. The output 


voltage 1s 
1\ Ro 
sO Se (Ga 
(1 x) R, (2 — @1) 
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EQUIVALENT 
COMMON MODE (a) ZERO SOURCE IMPEDANCE 
VOLTAGE 


(b) UNBALANCED SOURCE IMPEDANCES 


Fig. 6.1 Simple differential amplifier. 


Note, however, that this circuit requires four matched resistors of value 
Re. and two matched resistors of value R;. The gain is an inverse function 
of the setting of the vernier potentiometer and as such is highly nonlinear. 
The potentiometer can, however, provide approximate linearity over 
limited ranges. The circuit still suffers from the limitations of low input 
impedance. The de offset errors are much the same as those for the cir- 
cuit of Fig. 6.1. 


Fig. 6.2 Simple adjustable-gain differential amplifier. 
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6.1.2 Differential DC amplifiers using more than one operational 
amplifier?’ The circuit of Fig. 6.3 provides another low impedance 
alternative to those of Figs. 6.1 and 6.2. The two amplifiers required 
operate in the inverting mode and need not have a noninverting capa- 
bility. Thus they can be chopper-stabilized amplifiers for low drift, 
or they may be FET input types which may have rather poor linearity 
when used noninverting. The output voltage is 


Co = = (2 7 €1) 
The gain can be easily varied, in steps or continuously, by changing the 
value of Re, without affecting the commor-mode rejection properties. 
Good common-mode rejection requires four closely matched resistors of 
value R:. Note that the de offset error is approximately four times that 
of a single amplifier, if it is assumed that the offset errors add, as given by 
the expression | 


Rz Re 
Kou ={l1l+2—]V 2a. 
( oF =) os2 + R, °° 


a (1 +4 =) Vos (worst case) 
1 


Since the common-mode rejection of the operational amplifiers is not a 
factor, the common-mode rejection of the closed-loop amplifier can be 
trimmed to quite high values simply by allowing a small amount of 
adjustability of one of the R, resistors. The common-mode voltage 
capability of the circuit is limited only by the output voltage capability 
of the unity-gain inverter. This capability can be increased by making 
the gain of amplifier A; less than unity. The gain of amplifier A, must 
then be increased accordingly, however, which increases the output offset 


Fig. 6.3 Differential DC am- 
plifier using inverting opera- 
tional amplifiers. 
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error. Another differential DC amplifier circuit using two operational 
amplifiers is shown in Fig. 6.4. This circuit provides the high input 
impedance lacking in the circuits discussed up to now. For this circuit 


R mest R 
o=(1+E) ee, eo 


Again, equality of the two resistor ratios is required in order for the circuit 
to reject common-mode signals. The operational amplifiers, since they 
operate in the noninverting mode, must have good common-mode prop- 
erties. The input impedance at each terminal of the differential amplifier 
is simply the common-mode input impedance of the operational amplifiers. 
This can be quite large (10 MQ and up), depending on the type of opera- 
tional amplifier used. For fixed gains, or gain steps, the circuit is quite 
useful, but it is not feasible for continuously variable gain. Also, since 
the input voltage of the upper amplifier must be less than Ri/(Ri + Ro) 
times the output saturation voltage, the common-mode voltage range 
is very limited at low values of overall gain. This is not considered a 
serious limitation since such amplifiers are usually used at gains of 10 
or greater. The differential DC amplifier circuit of Fig. 6.5 overcomes 
most of the weaknesses of the circuits discussed up to this point. Analysis 
of the circuit yields the following equations: 


R R 

a= (i +P) er — Per + em 
R R 

= (Lt Pe — Bert em 


Fig. 6.4 High input impedance 
differential amplifier. 
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Fig. 6.5 High input impedance 
adjustable-gain differential am- 
plifier. 


If Re = Rs, the output voltage is 
2R 
eo = (: + =] (e2 — e1) 


The two input amplifiers constitute a differential buffer amplifier with a 
gain of 1 + 2R./R; for differential signals, and unity gain for common- 
mode signals. The noninverting configuration of these input amplifiers 
ensures high input impedance at both inputs. The gain is easily varied 
by a single resistor R;. The effects of mismatch in resistors Re and Rs 
is simply to create a gain error without affecting the common-mode 
rejection of the circuit. The resistors Ro of the output amplifier must 
be accurately matched, or trimmed, to ensure the rejection of common- 
mode signals at this point. This final amplifier acts simply as a differ- 
ential-input to single-ended-output converter. Feedback impedances in 
both stages can be relatively low in value to minimize the effects of bias 
current, since these feedback elements do not affect the input impedance 
of the differential amplifier. Usually, all the gain of this differential 
amplifier is in the input stage, thus ensuring that only the offset voltages 
of these two operational amplifiers are significant in determining the 
output offset. Since the output voltage offset is proportional to the 
difference of the voltage offsets of these two amplifiers, it is desirable to 
use amplifiers whose voltage offsets tend to track with temperature. Such 
techniques are the basis for some low-drift differential amplifier modules. 
The bias currents of these input amplifiers will flow through the impedance 
of the source and will thus generate additional offset voltage which will 
appear at the output of the differential amplifier amplified by the differ- 
ential gain factor. The use of amplifiers with FET input stages will 
greatly reduce this effect. 
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6.2 Bridge Amplifiers? 


Probably the most common use for a differential DC amplifier is in 
amplifying the output signal from a transducer bridge, such as a strain 
gage. The most straightforward way of doing this is with one of the high 
impedance amplifiers discussed in the preceding section. Such a strain- 
gage bridge, with one active bridge arm, is shown in Fig. 6.6. The 

following equations describe its operation: | 


R 
or oR AR 
_v 
oe 
oe ) 
ce ae ea TD 
where 
faoe 
“R 
KV 6 
@o = K(ee — e1) = 4 146/72 


6 
Co ~ —KV » fdb<l 


The output signal is a linear function of the variation of the active ele- 
ment only for small percentage changes in the element. If larger changes 
are to be measured, the exact equation must be used and a conversion or 
linearization performed at some point in the data-gathering process. 

It is sometimes desirable to use an amplifier less complex than the fully 
developed differential instrumentation amplifier for amplifying the out- 
put signal from a bridge. ‘There are several such circuits which use only 
a single operational amplifier, such as the one shown in Fig. 6.7. This 


Fig. 6.6 Bridge amplifier. 
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circuit forces the differential output voltage of the bridge to be zero since 
opposite sides are connected directly to the inputs of an operational 
amplifier with feedback. Thus the amplifier is used to measure the 
current flowing into the bridge under short-circuit conditions. The 
resulting output voltage is 


feces 
°" R1+6(2+4+ 6/4 6) + R/Re 


If 6<1 and Ry > R, this equation reduces to the approximate form 


Note that here again the equation for the output voltage of the bridge 
amplifier is a nonlinear function of the variation of the active bridge ele- 
ment, but for small deviations the nonlinearity is negligible. For the 
simplified, approximate form of the equation, it has also been assumed 
that the values of resistance in the bridge are much smaller than the 
resistors Ry. The bridge resistance appears in the gain equation, thus 
requiring that the values of the bridge elements be insensitive to temper- 
ature in order that the gain of the amplifier be stable with temperature. 
If the assumption that Ry is much greater than the nominal bridge 
resistance applies, there is no loading effect. 

The de offset voltage generated at the output of the bridge amplifier as 
a result of the input offset voltage and bias currents of the operational 
amplifier is given by 

2Rr + R 


Kos os Vos RR. sf (Ine ad Ipi)Rr 


where Ip; and Ips are input bias currents. The main advantage of this 
circuit is its simplicity. It does require an amplifier which has reasonably 
good common-mode rejection. 


Fig. 6.7. Bridge current am- 
plifier. 
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Fig. 6.8 Half-bridge current 
amplifier. 


Where the rejection of common-mode noise signals is not a problem, the 
half-bridge measuring circuit of Fig. 6.8 is sometimes used. Here also the 
output of the bridge is connected directly to the input terminal of the 
operational amplifier, as is the feedback through Ry. Since the other 
input of the operational amplifier is held at ground potential, the output 
of the half-bridge is held at zero voltage, and the amplifier responds to 
the short-circuit output current 


. Rr 3 
5 Se ae ee ee 
ne Rit6 

ifs<1 

Ry 
o = —V—5 
7 R 


Because the amplifier operates single-ended, the amplifier used can be 
chopper-stabilized for lowest possible drift and de offset errors. Also, 
the maximum voltage supplied to the bridge, or half-bridge, is not 
limited by common-mode voltage limitations of the operational amplifier, 
as it is in those circuits which use the noninverting input of the operational 
amplifier. Thus it is possible to increase the sensitivity of the bridge by 
increasing the supply voltage within the limitations of the bridge ele- 
ments and the ability of the amplifier to supply the current flowing 
through the feedback resistor. 

The major drawback of the half-bridge circuit is its inability to reject 
noise pickup, as is normally accomplished by the differential type of 
bridge amplifier. Consequently, the noise and ripple of the half-bridge 
supply must be very low, and all wiring must be kept short and well 
shielded. As in the previous bridge amplifier, the gain is a function of 
the bridge elements. This can be a serious drawback if the bridge ele- 
ments are sensitive to environmental factors other than the one that it 1s 
desired to measure. The output de offset voltage of the half-bridge 
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Fig. 6.9 Inverting bridge am- 
plifier. 


amplifier is given by the expression 


2R 
Kos = Vos (1 + 7) — IpiRr 


where Ig; 1s the input bias current. 

Figure 6.9 illustrates another bridge amplifier using a single operational 
amplifier in the inverting mode. Thus it is once again possible to use a 
single-ended chopper-stabilized amplifier with its attendant low drift. 
The amplifier output voltage is 


Rr 6 
a (: - =4 41 + 8/2) 


Another advantage of this circuit, not shared by the preceding two, is that 
the gain is not dependent upon the absolute value of the bridge resistors. 
The output voltage is proportional to the open-circuit voltage of the bridge 
since the input to the amplifier draws negligible signal current. The 
inverting input of the operational amplifier is maintained at virtual 
ground by the high open-loop gain. Since the gain is a function of Rr 
and Ry, it can be varied easily with either resistor. A small-valued 
potentiometer can be added in series with either resistor for calibration 
purposes. This type of bridge amplifier can be very accurate and is 
recommended when it is necessary to detect very small bridge signals. 
The primary disadvantage is that a floating bridge supply is required. 
Since it uses a single-ended amplifier it does not have the common-mode 
rejection capabilities of the true differential amplifier. However, careful 
shielding and filtering to remove noise can help to eliminate this problem. 
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R, Re (1 +8) 


~ Fig. 6.10 Wide-deviation bridge 
amplifier. 


Ei 


The output voltage offset as a function of input offset voltage and bias 
currents is similar to that of the inverting amplifier circuit. That is, 
Rr + R 
Eos = —>~—— (Vos — IniR) — IniRe 
Ri 

where I; is the amplifier input bias current. 

The final bridge amplifier circuit to be discussed is that given in Fig. 
6.10 where the output voltage is directly proportional to the transducer 
deviation even for large fractional changes in the active element: 


éRr 
Ri + Re 


This particular circuit should be used whenever the deviation of the active 
element is large enough so that the linear approximations made in the 
previous bridge equations are no longer valid. Examples are semicon- 
ductor strain gages that have high gage factors, thermistors, etc. The 
bridge elements must be so matched that the two input resistors are equal 
and the active element is equal to the value of Rr when the bridge is.at 
null.’ Calibration is somewhat difficult since it requires the trimming of 
two values of resistance to maintain null while varying sensitivity. 


e = —V 


+ Fig. 6.11 Analog integrator. 
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6.3. Analog Integrators!*.® 


The analog integrator is extremely useful in computing, signal processing, 
and signal generating applications. It uses an operational amplifier in 
the inverting configuration, as shown in Fig. 6.11. The equations of 
operation are derived by assuming an ideal operational amplifier of gain A. 
These are 


C1 — ©2 ; 
R 
1 
e—e =a, idt = =— (e; — ee) dt 
€o 
e2 = — A 
If A— o, then e,— 0Oande, = —(1/RC)feidt. As in the inverting 


amplifier, the summing point is held at a virtual ground by the high gain 
of the amplifier and its feedback network. Since no current flows into 
the input terminal of the operational amplifier, all the input current 
i = e;/R, is forced to flow into the feedback capacitor, causing a charge 
voltage to appear across this element. Because one end of the capacitor 
is tied to the virtual ground point, the output voltage of the amplifier 
equals the capacitor charging voltage. The overall integrator circuit has 
the low output impedance normally associated with a feedback amplifier. 

The de offset and bias current of the analog integrator are taken into 
account in the more realistic model of Fig. 6.12. Because these de errors 
exist, the output of the integrator now consists of two components: the 
integrated signal term and an error term 


| 1 1 1 
CoS] edt + 5— [ Vosdt + & f In dt + Vos 


The error term itself is made up of a component due to the input offset 


Fig.6.12 Effect of offset voltage 
and bias current in an integrator 
circuit. 
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voltage and another due to the input bias current. The integral of the 
de offset voltage results in a ramp voltage, a linearly increasing term 
whose polarity is determined by the polarity of the input offset voltage. 
In addition to this ramp voltage error, the input offset voltage creates 
an output offset voltage equal to it in value. The bias current flows 
almost entirely through the feedback capacitor, charging it in ramp 
fashion, similar to the ramp voltage due to input offset voltage. These 
two ramp voltage errors will continue to increase until the amplifier 
reaches its saturation voltage or some limit set by external circuitry. 
These error components usually set the upper limit on feasible length 
of integration time. The error component due to bias current can be 
minimized by increasing the capacitance of the feedback element. This 
can be done only by decreasing the value of the input resistor, if a specific 
value of the RC time constant is to be achieved. A lower limit usually 
exists on R, because of current limitations and loading of the input 
signal source. 

The effects of bias current can be reduced by inserting a resistance R 
between the noninverting input of the amplifier and ground. This | 
equalizes the resistances at the two inputs and changes the effects of 
bias current to that of offset (difference) current. Thus, in the equation 
for output voltage, Ip, the bias current, should be replaced by Ios, the 
offset current, if the compensating resistor is used. The error ramp due 
to voltage offset is fixed by the chosen value of RC time constant. 

In order to realize the performance possibilities of an operational 
amplifier as an integrator, a feedback capacitor must be selected with a 
dielectric leakage current which is less than the bias current of the ampli- 
fier. Polystyrene and Teflon are usually the best choices for the ulti- 
mate in long-term integrating accuracy. If shorter integration times 
are required, the requirements on capacitor quality can accordingly be 
relaxed. Mylar capacitors may then prove satisfactory, or silver-mica 
types, if small values of capacitance, corresponding to high-speed integra- 
tion, are to be used. 

The choice of the type of amplifier is also governed by the length of 
computing time and the desired accuracy. Chopper-stabilized amplifiers 
are usually used for long-term integrators because of their superior long- 
term de stability. FET amplifiers are used for medium-length integra- 
tion because of their low bias current. Amplifiers with bipolar transistor 
input stages may be used in very short-term integration such as in signal 
generation (sweep generation, triangle waves, etc.). 

If the finite gain and bandwidth are taken into account, their effects on 
the integrator response function may be evaluated. The open-loop 
frequency response of the amplifier is approximated by a single pole 
located at 1/7., and a low-frequency gain of Ao. 
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Fig. 6.13 Bode plots; amplifier, integrator. 


The resulting integrator response function 1s 


= (8) & 
Be” lGs AS TIC RCS. 41) 


if A, >>1and A.RC >7,. This function has two poles on the real axis, 
as opposed to the ideal integrator function which has a single pole at the 
origin. In Fig. 6.13 the frequency response of this approximate integrator 
is compared with the response of an ideal integrator, along with an open- 
loop frequency response of the operational amplifier. Note that the 
response of the real integrator departs from the ideal response only at 
the extremes of frequency. At low frequencies the departure is due to 
the finite gain of the operational amplifier. At high frequencies, it is 
due to the finite amplifier bandwidth. 

The transient response of the integrator is studied in Fig. 6.14 by 
calculating the response to a step function. The response of an ideal 
integrator to a step function —E/s would be a linear ramp voltage 
increasing to infinity. The step response of the practical integrator is a 
close approximation of this ramp throughout most of the signal range: 


et /A,RC etAo It. 
1 —7,/A2RC - AZ2RC/r. — :) 


In order to compare the ideal and real responses, it is necessary to examine 
the responses for very small and very large time. For small values of 


eo(t) = AE (1 
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FOR LARGE VALUES OF TIME 


STEP RESPONSE 
Fig. 6.14 Step response of integrator. 


time the response is approximately 


t To 


RC TAR 


For large values of time the response is approximately 
€o(t) = A,H(1 — et/AoRC) 


For small values of time the principal error effect is caused by the finite 
bandwidth, which causes a time lag error in the actual response. For 
large values of time the output signal would approach an exponential with 
time constant A.RC and final value A,E. For accurate computation, the 


eo(t) ~ E 


= eth] 
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Fig. 6.15 Three-mode inte- 
grator. 


integration should be terminated at a time much less than A,RC and an 
output amplitude much less than A,E. 

Figure 6.15 illustrates the switching techniques used to initiate and 
terminate the period of the integration. This integrator circuit has three 
modes. The first of these is RESET, in which the initial conditions are 
established by placing an initial charge on the capacitor. This is done 
by closing switch 8; to allow the output voltage to rise to the negative 
of Vic. If switch 8; is then opened and &, is closed, the circuit begins 
integration of the input signal e; beginning at the value —Vic. This 
is the second or INTEGRATE mode. If both switches are held open, 
the output voltage will hold its latest value and will not respond to input 
or initial condition voltages. During this HOLD mode, the only dis- 
charge of the capacitor is due to the bias current of the amplifier and 
dielectric leakage in the capacitor. Since electronic switch modules are 
commonly used for the mode control function in place of the simple 
switches shown, any leakage current flowing from these switches must 
be added to amplifier bias current in calculating the decay of the capacitor 
voltage during HOLD, or during the INTEGRATE mode. 

Although the analog integrator is a linear device; its maximum rate of 
change of output signal can lead to slew rate distortion for signals of 
relatively high frequency and large amplitude. The inherent slew rate 
limit of the operational amplifier places one of these limitations on the 
operation. However, another limitation, usually much more restrictive, 
is that placed on the rate of change of capacitor voltage by the output 
current limits of the amplifier. ‘The expression for this is 


ea) = (*) _ Lim 
dt Jimax  \dtJmax C 


lhiin = output current limit 


where 


The time required for the amplifier to RESET to initial conditions is 
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Ry 


= Fig. 6.16 Current amplifying 
switch used for integrator reset. 


+ 
ey 


limited by the RC time constant of the RESET network and also by the 
slew rate achievable in the closed-loop circuit. If a reset switch which 
has a large current gain factor is used, the reset time can be considerably 
reduced. The use of such a switch is illustrated in Fig. 6.16, where the 


circuit is shown in the RESET state. Analysis of the circuit yields the 
equation for the output voltage, 


Wo = —e(1 — eKt/®:C) 


This is again the equation of an exponentially increasing voltage. Here, 
however, the time constant is R2C/K, reduced by a factor equal to the 
current gain of the switch. The RESET time can potentially be reduced 
by the factor K, if the operational amplifier and switched current ampli- 
fier do not reach their current limits, thus hmiting the slew rate. Maxi- 
mum current is required at t = 0, the initiation of the RESET mode. 


6.4 Differentiators?:*® 


By interchanging the resistor and capacitor of an integrator circuit we 
obtain the inverse function, differentiation. However, as will be shown, 
the differentiator circuit (Fig. 6.17a) has some troublesome properties. 
If the usual single-pole open-loop gain function is assumed for the 
amplifier the transfer function of the differentiator circuit may be reduced 
to 

Co —RCs 

e: 1+ (1/A.)(ro + RC)s + (RCro/Ao)s? 


This transfer function has the form 


—H,s 


Ee 1 + (a/on)S + 8?/wn? 
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Fig. 6.17 Differentiator using an operational amplifier. (a) Differentiator 
circuit; (b) Bode plots. 


where 
Ao 
RCr, 


pat 


Wn 


and 


(ro + RC)? 1 
a (damping factor) = J RG, A. <K 1 
Thus the damping factor a is very small, indicating a lightly damped 
circuit response and complex poles near the jw axis. Such a response 
would also be indicated by the 12 dB per octave rate of closure of the 
Bode plots (Fig. 6.17b). Thus the differentiator circuit as shown has a 
tendency toward instability. If the amplifier open-loop gain has an 
attenuation rate of greater than 6 dB per octave over a portion of its 
Bode plot, the circuit may well oscillate. Another problem with this 
differentiator circuit is its high gain at high frequencies. This allows the 
high-frequency components of amplifier noise to be amplified even though 
the signal may not have high-frequency components. Thus the high- 
frequency output noise may obscure the differentiated signal. 
The modified differentiator circuit of Fig. 6.18a is usually preferred as 
a means of eliminating the problems of the simpler circuit. Two addi- 
tional real poles are introduced by use of Ri and Cr. This creates a very 
stable system and reduces the high-frequency noise. The poles are placed 
sufficiently high in frequency to prevent significant phase-shift error in 
the signal frequency range. The modified frequency response is shown 
in Fig. 6.18b. 


6.5 Line-driving Amplifiers 


One of the primary areas of application for the operational amplifier is 
that of buffering between a signal source and the desired load. Usually 
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Fig. 6.18 Modified differentiator with improved noise and stability. (a) 
Modified differentiator; (b) Modified response. 


the signal source is very limited in power, has relatively high internal 
impedance, and is low level. The load is relatively low in impedance | 
(possibly capacitive) and requires high-level signals. Thus the amplifier 
must provide impedance buffering, signal scaling, and power gain. Need- 
less to say, it must be stable under the desired conditions of loading and 
feedback and must have sufficient gain and bandwidth to ensure accurate 
response to input signals. A typical example of such an application is the 
line-driving amplifier. 

When data signals must be transmitted over long signal lines from a 
remote measuring station, the line-driving amplifier is usually required. 
Figure 6.19 illustrates a simulated load of this type. The capacitance is 
that of a shielded cable and may be as little as a few picofarads or as much 
as several microfarads. If the output impedance of the amplifier 1s con- 
sidered, the equation for effective open-loop gain, A’(s), becomes 


! _ Ry tf 
PAGS) a. Pade, Crs 


LINE & LOAD 


= Fig. 6.19 Line-driving am- 
plifier. 
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where 
a er ees: cee 
1/Rr + 1/Rt *  1/Re + 1/Ri + 1/Ro 
where A(s) is the unloaded open-loop gain, and R, is the dynamic output 


impedance of the operational amplifier. If A(s) is approximated by a 
single-pole transfer function 


Rp 


Ao 
A(s) = 
Baer en 
then the effective (loaded) open-loop gain becomes 
Rp Ao 1 


/ coms ste ee, a a 
op he ei Tee Os 
A Bode plot of this transfer function, for s = jw, 1s shown in Fig. 6.20, 
along with a plot of the unloaded open-loop gain. Note that the effect of 
the resistive loading is to reduce the open-loop gain, lowering the entire 
curve. Thus resistive loading alone reduces the unity-gain bandwidth 
and will consequently reduce closed-loop bandwidth by the same factor. 
This bandwidth reduction factor is extremely important for fast line 
drivers since the very low impedance of the line can severely degrade the 
bandwidth unless the operational amplifier has very low output imped- 
ance. The capacitive component of load impedance introduces another 
pole in the gain function ats = — 1/R,Cxy. This causes an additional 
‘“‘break’”’ in the frequency response and a rolloff of —12 dB per octave 
above the frequency w = 1/R,Cx. If the closed-loop gain curve inter- 
sects this section of the effective open-loop gain curve, the amplifier will 
be marginally stable with unacceptable transient response. 

There are a number of techniques for dealing with the problems of 
loading. The most satisfactory of these is to choose an amplifier with 
very low open-loop output impedance or to create one by adding a power 
booster stage to an available operational amplifier. This will reduce the 
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gain and bandwidth loading factors caused by the load resistance and will 
increase the frequency at which the additional pole occurs. The higher 
in frequency this pole occurs, the more stable the closed-loop response will 


be. The power output stage also supplies the current necessary to meet 
the condition | 


deo 
lb iw = Cr (+ ) 


As an example, the amplifier must be capable of supplying 63 mA to the 
capacitive load if C_, = 10,000 pF and the output voltage is a 10-V sine 
wave at 100 kHz. 


\ 
6.6 AC-coupled Feedback Amplifiers?° 


Although the operational amplifier is designed to amplify de signals, it has 
a rather broad frequency response and is consequently quite useful for 
strictly ac signals. The feedback network can be tailored for exactly the 
desired passband. One of the simplest ac amplifiers is that shown in Fig. 
6.21la, where the closed-loop gain is given by 


Rr S 
R, S +- 1/RiCi 


The de gain is zero, and the high-frequency gain approaches — Rr/R3. 
The lower cutoff frequency is 


Ko 
i, (s) = — 


ee 1 
-— 2rRiC, 


R, m 
C 
R, i 
zs | + 
E 4(s) 
. E,(s) 
(a) INVERTING CIRCUIT (b) NONINVERTING CIRCUIT 


Fig. 6.21 Ac-coupled feedback ampliters. 
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The de output offset voltage Eos is equal to the de input offset voltage, 
plus the de offset voltage generated by the input bias current flowing 
through Rr. 

Eos = Vos X 1.0 + IpiRr 


A noninverting ac amplifier is shown in Fig. 6.21b. The response is 
given by 

Ss (Re = Rr)Cos + 1 
S + 1/RiC, R.C28 +- 1 


Both of the circuits of Fig. 6.21 have relatively low input impedance above 
the cutoff frequency, determined by the resistors denoted R: 1n both cases. 

The circuit of Fig. 6.22 is an ac amplifier whose input impedance is 
“‘bootstrapped” to a high value. Resistor Re provides a decoupling for 
de input signals. However, for high-frequency signals the voltage across 
Rz becomes very small. Consequently, very little current flows through 
Re, and the effective input impedance is very high. 

The analysis of the circuit is greatly simplified if it is assumed that 
ee = eg (A— o~). Then we may write the equations 


Eo. | 
E, = 


ei -— 5 C2 — &3 


Xe Ro 

Co — Co a Co — 3 
Re © 

€2 — C3 C2 — &3 €3 
R | Xr: RB 

where 
1 1 
= nd X2=; 
: jwC; . : jwCe 


If these equations are solved for ez, the input impedance may be calculated 
from 


plifier. 


Fig. 6.22 Bootstrapped ac am- i ae 
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which yields 
: RiRe 
Xy 


As the frequency increases, X; and X2 approach zero and the input 


Lin = Xo + Re + Ri + 
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(a) SIMPLE ONE-AMPLIFIER CIRCUIT 
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(b) HIGH INPUT IMPEDANCE CIRCUIT 


Fig. 6.23 Differential ac amplifiers. (a) Simple one-amplifier circuit; (b) high 
input impedance circuit. 
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impedance becomes very large. As frequency increases still further, 
the open-loop gain decreases and the condition e, = e, is no longer 
enforced. The input impedance then decreases. 

Differential ac amplifiers are also easily realized through the use of 
operational amplifiers. Two examples are shown in Fig. 6.28. That 
of Fig. 6.23a introduces simple de decoupling into the familiar differential 
DC amplifier circuit. The circuit of Fig. 6.23b provides high input 
impedance while decoupling dc signals in the second stage. The de 
offset voltages of the first-stage amplifiers are removed by the capacitive 
coupling. The de offset voltage of the second-stage amplifier is multi- 
plied by the de gain, 1.0. 


6.7 Voltage-to-Current Converters”’’ 


In applications such as coil driving and transmission of signals over long 
lines, it is sometimes desirable to convert a voltage to an output current. 
With operational amplifiers this is quite easily done. Several realizations 
of the voltage-to-current converter (VIC) will be examined in this section. 

The simplest VICs are those for floating loads. The circuits of Fig. 
6.24a and b are the prime examples of this type. The circuit of Fig. 
6.24a is a simple inverting circuit. The input current is given by 


: €1 
tg 
Ri 


since R, is terminated at the virtual ground of the summing junction. 
This same current flows through the feedback load impedance Zr, in the 
feedback loop. The current i; is independent of the value of Zr. Both 
the signal source and the operational amplifier must be capable of supply- 
ing the desired amount of load current. The circuit of Fig. 6.24b 


i* f 


(a) INVERTING AMPLIFIER TYPE (b) NONINVERTING AMPLIFIER TYPE 


Fig. 6.24 Voltage-to-current converters, floating load. 
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Fig. 6.25 Current amplifying 
circuit. 


operates in the noninverting mode and, hence, presents a high impedance 
to the driving source. The current is again given by the equation 


C1 
Ri 


and, again, 1,is the load current. Very little current, however, is required 
from the signal source, because of the high input impedance of the non- 
inverting amplifier. 

Another VIC for a floating load is shown in Fig. 6.25. Here, most of 
the current is provided by the amplifier and only a small portion by the 
signal source. Analysis of the circuit yields the following equation for 


load current: 
: C1 Re 
meee ee ae 
- 7 ( +R) 


The resistor R3 provides a convenient means for scaling the current. The 
resistor Ri can be made relatively large to minimize the loading of the 
signal source. The amplifier must be capable of providing all the current 
to the load and must also be capable of output voltage equal to 


Comax ~ In wae OY st Rs) 


For loads which are grounded on one side, there are also circuits which 
give voltage-to-current conversion. The single amplifier circuit of Fig. 
6.26 acts as a current source controlled by e, 


ly 


ees. C1 

ai on 
if 

R; Re 

R, Ri 


If these ratios of resistances are matched, the circuit will function as a 
true source of current with very high internal impedance. A mismatch 
of the ratios will be seen as a decreased internal impedance of the current 
source. Fluctuations in effective load impedance will then cause fluctua- 
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Fig. 6.26 VIC, grounded 
load. 


tions of the output current. The operational amplifier for the circuit 
of Fig. 6.26 must have an output voltage range sufficient to provide the 
maximum load voltage plus the voltage drop across R3. Normally, 
R; and Re will be chosen to draw small currents, and Rr and R3 will be 
made small to minimize voltage drops. 

The circuit of Fig. 6.27 utilizes two inverting amplifiers to drive a 
current into a grounded load. This current is given by the expression 


os RsRr/RaRi 
Rz + Zp[1 + Rs/Re — (Rs/R,)(Rr/Re)] 


If resistors are selected so that 


I, = 


then 


In particular, if 
Ri = Rr = Ra = Rs 
then 
- C1 
l, = R; 
nod 
Ro = Rr — R3 


If Ri is large, very little current is drawn from the. signal source and very 
little flows through the feedback elements. Then the output voltage is 
given by 

Comax © Inmax(Zi + Rs) 


Note that, in the circuits of Figs. 6.26 and 6.27, when the load is open- 
circuited the positive feedback is equal to the negative feedback. This is 
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e, 
l eptip 2, 


Fig. 6.27 Two-amplifier VIC, grounded load. 


equivalent to an open-loop condition. The stabilizing capacitors shown 
by dotted lines are therefore desirable to prevent excessive noise and possi- 
ble oscillations. Figure 6.28 illustrates a modified form of the two- 
amplifier VIC which provides the additional feature of very high input 
impedance. The expression for output current as a function of input 
voltage is 
— —eil(Rs/Ra)(1 + Re/Re) — Rs/Ro] 

Rs + Zi(1 + Rs/Re — RsRr/R2R.) 


If we again select resistors such that 


lh 


R3 RsRer 
1 ——; — 
+ Re ReRz 
and 
Rr = Rz es Rs 


e@ 
+ 
e, 


Fig. 6.28 Buffered VIC, grounded load. 
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then 
e€ 
he =o 
and 
Re = Rr — Rs 


6.8 Reference Voltage Sources 
and Regulators? ®’ 


Because of its high input impedance and easily adjustable gain, the 
operational amplifier may be used as a reference voltage source with very 
low output impedance and substantial output current capability. Two 
circuits for use with standard cells are shown in Fig. 6.29. In both 
instances the output voltage is given by 


Rr 
BE = V 1 — 
REF ( + a") 


The circuit of Fig. 6.29a can be used with single-ended amplifiers (such 
as chopper-stabilized types), as well as those with differential input. The 
circuit of Fig. 6.29b is used if the reference source or cell must be grounded 
on one side. The only current drawn from the cell is the input bias 
current of the amplifier plus a term given by 


Ko Vrer(1 + Re/R1) 
AR; AR; 


where R; is the differential input impedance of the operational amplifier. 
This component of current is negligible in comparison with bias current 
for most amplifiers. The reference voltage cell is, for all practical pur- 
poses, isolated from any load being driven. The effective output 


R, Re 


Re+R, 
E = + —" Vrer 
4 


ni 


(a) SINGLE-ENDED CIRCUIT (b) NONINVERTING CIRCUIT 


Fig. 6.29 Reference voltage sources. 
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impedance Rovr is given by 


Ro 
Rout = AB 
where | 
Ri 
pS 
Ri + Re 
and 


R,. = open-loop output impedance 
The load regulation is therefore given by 


; Ro 
Regulation % = ABRi x 100 
where Ry, is the minimum load impedance. 

Similar circuits for use with zener diodes are shown in Fig. 6.30a and b. 
The loading conditions on the zener diodes are constant and the load 
regulation is the same as derived for the circuits of Fig. 6.29. Regulation 
with respect to the input voltage V, depends upon the dynamic resistance 
of the reference zener diode Z;. The circuit of Fig. 6.30c further reduces 
this regulation due to input voltage by providing the output reference 
voltage as the source for the zener diode current. The de voltage V, now 
functions only as a “startup” voltage through the network of Re, Rs, 
and Dy. 


6.9 Voltage Regulators 


Any one of the voltage references described in the preceding section may 
be considered a voltage regulator, with extremely tight regulation charac- 
teristics. Where higher output currents are required, a power booster can 
be added, inside the feedback loop. However, in speaking of voltage 
regulators, it is more usual to consider operation from a single source of 
unregulated de voltage, rather than the dual supplies tacitly assumed in 
the reference voltage circuits. Figure 6.31 shows such a regulator. The 
amplifier, which normally operates on dual power supplies of opposite 
polarity, is biased for operation on a single unregulated power supply. 
The negative supply terminal is grounded and the noninverting input is 
biased at the zener voltage. The zener diode Z; operates at constant load 
current, since the output current is provided by the transistor Q:. If the 
amplifier has a minimum (balanced) supply rating of + Vm, then V; must 
be larger than 2Vm. Similarly, if +Vm is the maximum (balanced) 
supply rating, V, must not exceed 2Vy. The amplifier will saturate as 
the output voltage approaches either supply voltage. This determines 
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— (b) NONINVERTING 


(c) NONINVERTING WITH REGULATED ZENER DRIVE 


Fig. 6.30 Zener reference sources. 
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Fig. 6.31 Voltage regulator. 


the limit on output; the common-mode voltage range sets the lower limit 
on zener voltage. 

Although the amplifier may have an internal current limit, the resistor 
R, is required to protect against short circuit in this type of regulator. 
This is because a short circuit to ground is equivalent to a short circuit to 
negative supply. This causes a power dissipation equal to twice that of a 
short circuit to ground when operating on balanced dual supplies. Thus 
the internal protection may not be sufficient. The value of R, should be 
chosen to limit the amplifier short-circuit current to approximately one- 
half the internal current limit value when the output is at positive satura- 
tion voltage. The resistor R, provides current limiting to protect Qi. 

The load regulation of this type of regulator can exceed 0.01 percent, 
since the effective output impedance is very low. The line regulation 1s 
increased beyond that of the zener by using the output voltage as excita- 
tion for the zener. 


6.10 Current Amplifiers 


Current amplifiers, or current-to-voltage converters, are realized very 
simply by using operational amplifiers. An ideal current source has 
infinite output impedance and output current which is independent of 
load. Photocells and photomultiplier tubes are basically current sources 
with output impedance which is finite but very large. For small load 
impedances, the output impedance may be considered infinite. 

The current-to-voltage converter of Fig. 6.32 presents almost zero load 
impedance to ground because the inverting input appears as a virtual 
ground. The input current, however, flows through the feedback resistor, 
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Fig. 6.32 Current amplifier 
(current-to-voltage converter). 


generating an output voltage 
ep = —1,Rr . 

The actual input impedance. of the current-to-voltage converter, Zin, 
taking into account the finite gain A and differential (open-loop) input 
impedance Zia, 18 
7 Zia Rr 

1+ (Zia/Rr)1 +A) 1+A 
The lower limit on measurement of current input is determined by the bias 
current of the inverting input. For greatest resolution, FET or varactor 
bridge amplifiers are usually used. 


The gain of the amplifier for de offset voltage and noise voltage is 
given by 


Lin 


Ry + R; 
wo = 1.0 since Rs > Ry 


Thus errors due to these parameters are very small. However, current 
noise can be a factor because of the very large impedances. Since most 
such measuring circuits are used for very low-frequency signals, it is 
usual to parallel Rr with a capacitor Cr to reduce the high-frequency 
current noise. Output impedance of the current-to-voltage converter 1s 
very low because of the nearly 100 percent feedback. 


6.11 Charge Amplifiers 


Some transducers, such as capacitance microphones and some types of 
accelerometers, operate on the principle of conversion of the measurement 
variable into an equivalent charge. The equivalent circuit of such a 
transducer may be represented by a battery and capacitor in series, as 
shown in Fig. 6.33a. As the capacitance varies, the charge also changes 
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(a) CHARGE AMPLIFIER CIRCUIT (b) FREQUENCY RESPONSE 
Fig. 6.33 Charge amplifier operation. 


according to the equation 


When the transducer is connected to the inverting input of an operational 
amplifier as in Fig. 6.33a, this charge flows into the feedback capacitor 
Cry. The resultant change in charge on Cr generates an output voltage, 
E 
Co = AC, Cy 
Since the operational amplifier requires a de path from each input to 
common (for bias current flow) it is necessary to insert the resistor Rr. 
In the absence of this resistor, the capacitors will build up a de charge 
until the output voltage reaches saturation. This resistor limits the lower 
cutoff frequency of the charge amplifier. For stabilization purposes, and 
sometimes for protection of the amplifier input stage, it is also desirable to 
insert the series resistor Ri. This resistor limits the upper response 
frequency as shown in Fig. 6.33b. 
The gain, or sensitivity of the charge amplifier, in its passband 1s 
given by 


Co E 


AC, Cr 


and can be varied only by changes in Cy. It is usually desirable to use a 
small value of Cy consistent with the desired frequency response and a 
reasonable value of Rr. FET amplifiers are usually the first choice for 
charge amplification, because of their high input impedance, low bias 
current, and wide bandwidth. 

Another common form of charge amplifier is shown in Fig. 6.34. 
Here the amplifier operates as a noninverting buffer with gain. Charge 
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| | E 
Soe gre ee ee ee re e,=-AC, — 
2 C5 


Fig. 6.34 Alternative charge amplifier circuit. 


flows into, and out of, the capacitor Ce as the capacitance of the trans- 
ducer varies. Once again these capacitance variations are converted into 
voltage variations at the amplifier output. An amplifier with FET input 
stage is usually also required in this circuit to minimize the bias and 
noise currents. The resistor Rg provides the de path for this bias current 
and limits the low-frequency response of the circuit. 
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OPERATIONAL AMPLIFIERS 
IN NONLINEAR 
CIRCUITS 


Some of the more interesting applications of operational amplifiers require 
the use of nonlinear feedback networks. By the use of such networks the 
amplifier with feedback can be made to approximate transfer curves, 
linearize transducers, limit the amplitude of signals, perform mathematical 
operations, and do a variety of other tasks. Basic to most of these 
nonlinear feedback networks is the use of the voltage-to-current char- 
acteristics of semiconductor junctions: diodes, zener diodes, and transis- 
tors. In some applications, the large-signal switching properties of such 
elements are used, whereas in others the nonlinearity of the junction 
itself is utilized. In this chapter we present a discussion of such circuits 
and their applications. Since the operation of diode limiter networks 
is basic to a great many of the circuits considered in this chapter, the 
first section is devoted to a brief discussion of the operation of these 
simple circuits. ‘The remainder of the chapter treats feedback limiters, 
diode function generators, logarithmic amplifiers, and analog multipliers. 
Each of the sections concludes with a brief discussion of the primary 
areas of application for each functional circuit. 
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7.1 Diode Limiter Networks 


In this section we present a discussion of idealized series and shunt 
limiter networks. The operation of these may be best understood by 
first considering some basic models for limiters. 


7.1.1 Basic limiter models! +® The idealized model for the limiting 
element consists of an ideal diode in series with a floating bias source, as 
shown in Fig. 7.1a. When the signal voltage equals the bias voltage, 
the ideal diode conducts, with the amount of current dependent upon the 
resistance of the circuit containing the limiter. A series limiter is shown 
in Fig. 7.1b along with its transfer curve. For input voltage less than 
Vs the diode D is nonconducting and output voltage is zero. When 
e; exceeds Vz, the output voltage follows the input. The shunt limiter 
of Fig. 7.1e provides an alternative means of obtaining an abrupt transi- 
tion in the slope of the transfer curve. For output voltage e, less than 
Vz the diode is nonconducting, and the circuit acts as a simple resistive 
divider. As input voltage is increased, however, the output eventually 
reaches the value Vg, and the diode begins to conduct, thus preventing 
further increases in €o. 

Both the series limiter and the shunt limiter find useful application as 
a part of the feedback network of an operational amplifier. Figure 7.2 
illustrates a simple inverting amplifier circuit in which a diode and series 
bias source are used to provide a limit on the output voltage of an 
operational amplifier. For output voltage less than Vz, the output 
is a simple linear function of the input voltage with gain equal to the 
ratio —Rr/R:. When the output reaches Vg the diode conducts, pre- 
venting further increase in e,.. If the input voltage increases still 
further, the additional input current passes through the limiting elements, 
generating no additional voltage at the output. The summing point 
remains at a virtual ground. Actually, of course, all practical limiting 
circuits will have some internal impedance, usually nonlinear, which 
modifies the ideal behavior described here. Also, floating bias sources 
are rather impractical in most cases and must be approximated by other 
means. These more practical limiters are discussed in the following 
sections. 


7.1.2 Series limiters A practical and very close approximation to the 
ideal series limiter discussed above is achieved through the use of a 
silicon diode and a zener diode as shown in Fig. 7.3a. When the input 
voltage exceeds the sum of the zener voltage and the forward voltage of 
the silicon diode, the combination conducts. The output voltage then 
approximately follows the input. Because the two diodes have finite 
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(a) IDEAL LIMITING ELEMENT 


(b) SERIES LIMITER 


Fig. 7.1 Limiter concepts: (a) 
ideal limiting element; (b) series 
limiter; (c) shunt limiter. 


(c) SHUNT LIMITER 


ON resistances, the output does not follow the input exactly but is 
attenuated slightly by this series resistance. A double series limiter can 
be formed as shown in Fig. 7.3b by paralleling two such combinations of 
diodes in opposite polarities. 

An even simpler method of obtaining a double series limiter is to use 
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Co 


Slope =O 


(b) TRANSFER FUNCTION 


(a) FEEDBACK LIMITER ON 
INVERTING AMPLIFIER 


Fig. 7.2 Operation of a feedback limiter. (a) Feedback limiter on an inverting 
amplifier; (b) transfer function. 


FORWARD RESISTANCE OF D, Ry 


ZENER RESISTANCE OF Z,° SLOPE= 7 4 aR 


e 


= 
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(b) DOUBLE ENDED SERIES ZENER LIMITER 


(c) BACK ~TO- BACK ZENER LIMITER 


Fig. 7.3 Series limiters using zener diodes: (a) series zener limiter; (b) 
double-ended series zener limiter; (c) back-to-back zener limiter. 


240 APPLICATION 


back-to-back zeners, as shown in Fig. 7.3c. Here the function of the 
silicon diodes is served by the zener diodes in their forward-conducting 
region. This circuit suffers from the high junction capacitance of the 
zeners and may present feedthrough problems at high frequency. The 
method of Fig. 7.3b is somewhat superior in this respect, especially if low- 
capacitance silicon diodes are used for D; and De. The transition 
between the ON and OFF states will actually not be a sharp one, as shown 
in the figure, but will have a degree of rounding determined by the diode 
and zener characteristics and by the value of the load resistor Ry. This 
resistor could equally well be the summing resistor of an operational 
amplifier network. In this case, it would be terminated in a virtual 
ground instead of true ground. 

Another type of series limiter is shown in Fig. 7.4. Here the biasing is 
accomplished through the use of an external reference voltage and a shunt 
resistor. The diode begins conducting when the junction voltage e; 
exceeds the forward voltage drop of the diode. The breakpoint voltage 
Vz is given by the expression Vp = V:i(1 + Ri/R2) + Va(Ri/R2) and can 
easily be varied by adjustment of Re Such limiters are useful in the 
piecewise approximation of functions, a topic to be discussed later in the 
chapter. 


7.1.3 Shunt limiters A simple means of realizing a shunt limiter is 
shown in Fig. 7.5a where, again, the combined silicon diode and zener 
diode are used as the actual limiting elements. The circuits of Fig. 7.5b 
and ¢ are actually the duals of the double series limiting elements of Fig. 
7.3. The circuit of Fig. 7.5b achieves lower shunt capacitance than that 
of 7.5¢c and is therefore preferable for high-frequency applications. 

As another approach to shunt limiting, the resistive divider shunt 
limiter of Fig. 7.6a is quite useful where it is necessary to accurately 
adjust the breakpoint voltage Vg. When the output voltage e, equals 
the reference voltage Vr, plus the diode forward voltage, the diode con- 
ducts and prevents further increase in e,. The actual value of input 
voltage at which the breakpoint occurs is determined by the ratio of Ri 


Ri 
R, + retR, 


SLOPE = 


f, = DIODE 
FORWARD 
RESISTANCE 


Fig. 7.4 Externally biased series limiter. 


Operational Amplifiers in Nonlinear Circuits 241 


(a) ZENER SHUNT (c) BACK-TO-BACK (b) DOUBLE ZENER 


LIMITER ZENERS IN SHUNT = LIN.ITER 


SHUNT LIMITER 


Fig. 7.5 Practical shunt limiters: (a) zener shunt limiter; (b) double zener shunt 
limiter; (c) back-to-back zeners in a shunt limiter. 


and Ry and by the value of Vr. 


Ri + Ri 
Ry 


An additional, negative breakpoint can easily be achieved, as in Fig. 7.6b, 
by adding another diode and reference source. 

Another practical limiter circuit is the bridge limiter circuit of Fig. 7.7. 
This is actually a form of shunt limiter which provides a double limit and 
partial compensation of the temperature-sensitive characteristics of the 
diodes. The breakpoints, of course, still exhibit rounding because of the 
gradual turnoff of the diodes. The breakpoint voltages, or limits, are 
easily varied through the bias resistors R; and Re, or by varying +V. 
and — V.. 


Vs = Vr 


7.2 Feedback Limiters!:?)*6 


In the preceding section we discussed the operation of several series and 
shunt limiting.networks. In this section we will illustrate some circuits 
which use networks of this type to obtain feedback limiting. Three dif- 
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(b) DOUBLE SHUNT LIMITER WITH EXTERNAL BIASING 


Fig. 7.6 Externally biased shunt limiters: (a) simple externally biased 
shunt limiter; (b) double shunt limiter with external biasing. 


ferent approaches will be considered. They are resistive ratio methods, 
zener diode feedback limiters, and precision limiters. 


7.2.1 Resistive ratio methods In the feedback limiter, series or shunt 
limiting networks provide an abrupt change in the feedback ratio, and 
hence the closed-loop gain, of the operational amplifier. The resistive 
divider feedback circuit of Fig. 7.8a makes use of a simple series limiting 


Fig. 7.7. Diode bridge limiter. 
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circuit. The diode begins conduction when the voltage e; exceeds the 
forward voltage V;. The output voltage is then limited at the value 


The gain before limiting is —Rr/R, and, after the limit occurs, is — RrR3/ 
(Ry + R3)Ri. The slope, or gain, in the limit region can be made to 
approach zero if R3 «< Ri. Since such small values of R3 may be imprac- 
tical, the circuit of Fig. 7.8b may be used to obtain.slope ~0. This is 
done by adding a transistor to the circuit. This transistor then provides 
the necessary current to the summing junction while drawing only 
relatively small base current through R;. Total current into the sum- 
ming point remains zero both before and after limiting occurs. The 
diode to ground protects the transistor from reverse breakdown of the 
base emitter junction. The limit voltage in this case is given by the 


SLOPE = — RR, 
(Rp + Rz)R 


(a) SIMPLE FEEDBACK LIMITER 


+ Vo 
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i 


(b) FEEDBACK LIMITER WITH TRANSISTOR 


Fig. 7.8 Resistive divider feedback limiters: (a) simple feedback limiter; 
(b) feedback limiter with a transistor. 
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f 


expression | | 
Rs. Rs 
Vi == 1+—)V 
L =F Ve + ( zB =) BE 


The circuits of Fig. 7.8 are quite useful because of the ease with which the 
limiting level can be varied. If a “soft’’ limit is sufficient, the circuit of 
Fig. 7.8ais used. If “hard’’ limiting is necessary, the transistor limiter of 
Fig. 7.8b is preferable. Both circuits suffer from the temperature sen- 
sitivity of the diode and transistor forward voltage drops, V+: and Var. 
Also, they cannot limit at voltages smaller than Vt; or Van. The capac- 
itance of these limiters is rather low; consequently they perform well in 
high-frequency applications. 


7.2.2 Zener diode feedback limiters Two circuits which may be 


categorized as zener diode feedback limiters are shown in Fig. 7.9. 


r, = ZENER RESISTANCE 
-v, +|-v, + ‘ = DIODE FORWARD RESISTANCE 


SLOPE =-(r +1.) 
ra 2p Ry 


—-=-=](Vz +V5) 


= (Vz+V ¢) eee ee ee ie 


(a) BACK TO BACK ZENER FEEDBACK LIMITER 


—~Vrz+ —Ve+ SLOPE = — (r, + r¢) 


Fig. 7.9 Zener diode feedback limiters: (a) back-to-back zener feedback limiter; 
(b) low capacitance zener feedback limiter. 


(b) LOW CAPACITANCE ZENER FEEDBACK LIMITER 
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- Ve ry = 


= ZENER RESISTANCE 
DIODE RESISTANCE 


Fig. 7.10 Zener diode bridge feedback limiter. 


Either of these limiters works satisfactorily at low frequency. The 
circuit of Fig. 7.9b provides lower capacitance than that of 7.9a and 
therefore is better at high frequency. The limits are set by the zener 
voltage and forward voltage drop of the diode. For good limiting action, 
the ON value of resistance of the diodes must be negligible in comparison 
with Ry and the OFF resistance must be much larger than Ry. Zener 
diodes selected for such limiters should have a sharp “knee’”’ to avoid 
distortion of the transfer curve as the output voltage approaches its limit. 
Another zener diode feedback limiter is the bridge circuit shown in Fig. 
7.10. This is a double-ended version of the zener limiter of Fig. 7.9b 
with the addition of external biasing to obtain sharper transition between 
the ON and OFF regions of the limiter. The small leakage currents 
through the silicon diodes in the OFF state will tend to cancel at the sum- 
ming junction. In applying the circuits shown in Figs. 7.9 and 7.10, it 
should be noted that zener diode limiters are useful mainly for protection 
against overvoltage and not as a means of obtaining precisely known 
limits for signal processing or computation purposes. 


7.2.3 Precision limiters As discussed in earlier sections, the actual 
limiting elements (diodes, zener diodes, and transistors) have finite 
resistance and nonlinear temperature-sensitive switching characteristics. 
These characteristics contribute to a ‘‘rounding” of the breakpoint area 
of the limiter characteristics as illustrated in Fig. 7.11. Ideally, the 
breakpoint would be sharp and well defined, plus being insensitive to 
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ACTUAL Fig. 7.11 Practical limiter char- 


DIODE acteristic near the breakpoint. 
CURVE 


'¢ 
temperature. Circuits which achieve such characteristics are referred 
to as precision limiters. In the precision limiter of Fig. 7.12, the high 
open-loop gain of the operational amplifier is used to reduce the effect 
of the diode nonlinearity and temperature sensitivity. The operation of 
the circuit can be analyzed by the usual techniques except that the 
relationship of current and voltage in the diodes must be taken into 
account. This relationship is given by 


kT 
a a (In (ig — Io) — In Ih] = f(is) 


For silicon diodes this voltage has a maximum value of approximately 
+0.6 V for full-conduction. For e; > 0 (ei < 0) the current i; will be 
zero because ee ~ 0 and De» is back-biased. Essentially all input current 


ao. 0E 
SLOPE =~ 


) 

ef e 
e; + 
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(a) PRECISION LIMITER CIRCUIT (b) PRECISION LIMITER 
TRANSFER CURVE 


Fig. 7.12 Precision limiter operation. (a) Precision limiter circuit; (b) precision 
limiter transfer curve. : 
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i, flows through Rr, generating an output voltage 


Rr 
eo = —Rr = — — ej” e; < 0 
Ri 


If the finite amplifier gain and diode nonlinearity are taken into account, 
the expression becomes 


a= (—Rr/Riei 
"1 + (1/AB)[1 + f(z) /eo] 
where 
fice 
R, + Re 


Note that the effect of the diode forward voltage f(i2) is reduced by the 
loop gain A@ of the closed-loop circuit. Thus, the “rounding” of the 
turn-on region virtually disappears. 

For es; < 0, diode D; no longer conducts and all the input current 
i; flows through D:. Theoretically, the output voltage is then exactly 
equal to zero. The expression for e., considering finite gain and the 
diode nonlinearity, is 


Ses fii) Rr 
. A Rr+ Ry 


This is an extremely small voltage, probably less than the dc offset voltage 
of the amplifier. Thus the precision limiter provides a good approxi- 
mation of ideal diode behavior, reducing the diode nonlinearity, tempera- 
ture sensitivity, and forward voltage drop by a factor equal to the 
loop gain of the amplifier. A simpler analysis of the precision limiter 
can be made where the diode is represented by the linear model of a 
resistance, a bias source, and an ideal diode. Using this analysis, it 
is seen that the effects of diode resistance and internal bias voltage are 
reduced by the same factor, A@. 

Nonzero limits can also be achieved, using the circuit shown in Fig. 
7.13. Here, a diode bridge limiter gives both positive and negative limits. 
Because the diode bridge is inside the feedback loop, the nonlinearity 
and forward resistance of the bridge are reduced by the loop-gain factor. 
Thus the limits are sharp. They are not, however, independent of the 
diodes’ forward voltage drop. 


e; > 0 


7.2.4 Applications of limiters The simple series and shunt limiters 
described earlier in this section are used extensively in diode function 
generators which are discussed in later sections of this chapter. The 
limiter applications to be discussed here are principally those for feed- 
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Fig. 7.13 Precision bridge limiter. 


back limiters. As mentioned earlier, one of the primary reasons for using 
a feedback limiter is to prevent overload of the amplifier output stage. 
In many amplifiers, particularly chopper-stabilized types, a considerable 
time is required to recover from saturation of the output stage. The 
feedback limiter, by preventing such saturation, ensures fast recovery 
when the output voltage reaches the preselected limit. In circuits where 
input bias current is to be kept to a minimum, the bias current decoupling 
technique shown in Fig. 7.14 may be necessary. Here the resistor Rp 
shunts the bias current to ground since the diodes D; and De are operating 
with zero voltage drop and zero current when the limiter is OFF. When 
the circuit is limiting, of course, the diodes conduct the feedback current. 

Another of the basic applications for a feedback limiter is in comparator 
circuits. The limiter determines the ON and OFF voltage levels for the 
comparator output (see Chapter 9 for more details of comparators). 
As another application, limiters are often used with operational ampli- 
fiers for signal generation. Usually such use is in conjunction with a 
comparator for generation of square waves. Triangle and ramp wave- 
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Fig. 7.14 Use of a leakage cur- 
rent decoupling circuit. 
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(a) ABSOLUTE VALUE CIRCUIT 


LOW-PASS 
FILTER 


OUTPUT 


(b) PRECISION AC TO DC CONVERSION 


Fig. 7.15 Precision rectification. (a) Absolute-value circuit; (b) precision ac to de 
conversion. 
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Fig. 7.16 Precision gate circuit. 


forms can also be generated if an integrator follows the limiter or com- 
parator (see Chapter 10 for more detail on signal generation). 

Some limiters have breakpoints determined by an external reference 
voltage. Thus these levels can be easily changed by making the reference 
a variable or programmed voltage. This feature also makes possible the 
use of limiters for modulation of pulses and square waves (see Chapter 11). 

The precision rectifier circuit discussed in Sec. 7.2.3 is useful in a variety 
of applications. As an example, the absolute-value circuit of Fig. 7.15a 
performs the function of precision full-wave rectification. With the 
addition of a low-pass filter as shown in Fig. 7.15b, the circuit achieves 
precision ac to de conversion. Another interesting use of the precision 
rectifier circuit is shown in Fig. 7.16. Here the circuit functions as 


Fig. 7.17 Precision deadspace circuit. 
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Fig. 7.18 Precision maximum selector. 


R R @,= MAX (e,,€2) 
e,,@, MAY BE 
POSITIVE OR 
O NEGATIVE 
- & 
me r: 
a. 2 SLOPE=1 
2 Lar 
@ — 
+ 
ey 


a precision gate for positive signals. The negative gating signal V«¢ 
_ drives the limiter into its OFF region. If Vg is larger than the largest 
expected signal level, no signal can pass through the precision gate. 
Other uses of the precision rectifier principle are shown in Fig. 7.17 
(precision deadspace circuit), and Fig. 7.18 (precision maximum selector). 


7.3 Diode Function Generators!:>.°—!° 


The approximation of nonlinear functions is achieved with operational 
amplifiers by use of appropriate nonlinear feedback networks. The most 
general way of generating such functions is through the use of piecewise 
linear approximation, as shown in Fig. 7.19. The accuracy of such an 
approximation is determined by the number of line segments used. The 
complete piecewise curve is obtained by the summation of individual line 
segments whose ‘‘breakpoint”’ voltages and slopes are determined sepa- 
rately for each segment. Figure 7.20 illustrates how such segments may 
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Fig. 7.19 Piecewise approxi- 
mation of a nonlinear function. 
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(b) SUMMATION OF LINE SEGMENTS 


Fig. 7.20 Generation of piecewise approximation: (a) simple line segment; 
(b) summation of line segments. 


be generated with simple limiter circuits and summed by the operational 
amplifier. The amplifier summing junction is a summation point for the 
currents from the breakpoint networks and the resistor Rr provides the 
scaling function. A more practical means of obtaining the desired line 
segments is through the use of series and shunt limiters as shown in Fig. 
7.21. Note that each of the diode breakpoint circuits of Fig. 7.21 can be 
represented as a nonlinear transconductance. By using such networks as 
feedback elements, as shown in Fig. 7.22b, we obtain the inverse function. 

As discussed earlier, the forward conduction characteristics of the silicon 
diode are somewhat temperature-sensitive and can cause changes in the 
breakpoints of the curve. This effect can be compensated partially by 
the methods shown in Fig. 7.23. In both cases the forward voltage drop 
of the breakpoint diode is compensated by a similar voltage drop in series 
with the biasing source. In the shunt limiter, the base-to-emitter voltage 
drop offsets much of the temperature sensitivity of the diode forward 
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Fig. 7.21 Practical diode function generator circuits: (a) shunt limiter method; 
(b) series limiter method. 


voltage. In the series limiter, a second diode acts as a temperature-com- 
pensating element for the breakpoint diode. 

A more flexible approach to the approximation of nonlinear functions is 
illustrated in Fig. 7.24. The figure shows a variable diode function 
generator (VDFG) wherein both the locations of the breakpoints and the 
slopes of the line segments are individually adjustable. Note that the 
slopes can be positive, negative, or zero. The breakpoints can easily be 
made variable or can be temperature-compensated as in Fig. 7.23. This 
particular version of the VDFG is of the shunt type. A series-type 
VDFG is shown in Fig. 7.24b. As still another approach, the precision 
limiter, with its ability to simulate ideal diodes, can be used to generate 
line segments whose breakpoints are precisely known and which are 
temperature-insensitive. A simple version of such a function generator is 
shown in Fig. 7.25. Each breakpoint requires an operational amplifier, 
which made this approach prohibitive in cost before the advent of the 
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(a) USE OF NONLINEAR TRANSCONDUCTANCE 


Fig. 7.22 Use of nonlinear transconductance to obtain an inverse function. 
(a) Use of nonlinear transconductance; (b) inverse function. 


(bj INVERSE FUNCTION 


integrated-circuit operational amplifier. The principal drift factor in this 
circuit is not the diode junction but is actually the input voltage drift of 
the operational amplifiers, which are at least two orders of magnitude 
better than an uncompensated diode. The breakpoints are sharp, rather 
than rounded—a fact which may be a disadvantage of this technique. 
The technique is easily adapted to arbitrary function generation where 
both the breakpoints and the slopes are adjustable. 


7.3.1 Applications of diode function generators One of the more 
obvious uses of the function generators which have been described above 
is in the linearization of response curves. Primary examples are the 
linearizing of thermocouples, thermistors, and pressure transducers. ‘The 
nonlinearity of the transducer is balanced by a compensating nonlinearity 
of the function generator, thus achieving a composite function which is 
linear. The general procedure is illustrated in Fig. 7.26. As another 
approach the diode function generator can be used for waveform genera- 
tion when its input voltage is a linear sweep such as a triangle wave. 
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(a) TEMPERATURE COMPENSATED BREAKPOINT — SHUNT LIMITER 


(b) TEMPERATURE COMPENSATED BREAKPOINT — SERIES LIMITER 


Fig. 7.23 Compensation of breakpoint temperature drift. (a) 
Temperature-compensated breakpoint shunt limiter; (b) tempera- 
ture-compensated breakpoint series limiter. 
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Fig. 7.24 Variable diode function generators: (a) shunt limiter diode function 
generator; (b) series limiter diode function generator. 
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Fig. 7.25 Precision limiter diode function generator. 
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Fig. 7.26 Linearization of a transducer using a function generator. (a) Transducer 
and function generator; (b) composite transfer curve. 


Either arbitrary functions, as shown in Fig. 7.27a, or common functions, 
such as the sine wave shown in Fig. 7.27b, can be generated. This 
method is especially attractive for the generation of very low-frequency 
waveforms. Other well-known functions such as the square and square 
root of an input voltage can be accurately approximated by the diode 
breakpoint method. Such function generators are extremely time-con- 
suming to design for good accuracy, because of the large number of break- 
points and the interaction of all adjustments. However, these devices 
are available commercially and can be used for a variety of functions. 
Some examples are shown in Fig. 7.28. Other interesting areas for the 
application of function generator techniques are the simulation of physical 
effects in computation, the realization of nonlinear sensitivities for control 
systems, and the compression of signals having wide dynamic range. 
These applications are illustrated in Fig. 7.29. 


7.4 Logarithmic Amplifiers? 1° 


In the preceding sections of this chapter we have discussed the use of non- 
linear feedback networks to provide limiting and function generation. 
The diode function generators (DFG) which were discussed used the 
large-signal switching properties of the diode. In this section we shall 
present a treatment of logarithmic amplifiers. Such amplifiers use the 
nonlinear volt-ampere relationship of the p-n gunner itself. This 
relationship is given by 
ic = I,(eve/"Vr — 1) 
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Fig. 7.27 Use of diode function generators for waveform generation. (a) Generation 
of arbitrary waveshapes; (b) sine-wave generation. 
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Fig. 7.28 Use of squaring function. (a) Squaring module; (b) square-root function; 
(c) rms circuit. 
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(c) USE OF DFG FOR SIGNAL COMPRESSION 


Fig. 7.29 Applications of a diode function generator (DFG). (a) Use of a DFG in an 
analog simulation; (b) use of a DFG in a control system; (c) use of a DFG for signal 
compression. 
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where I, = reverse saturation current 
n = 2 for small currents in silicon devices 


Vr= : T = volts; T in °K 


q 11,000 
If we restrict the operating region of v;: so that evf/"V7 > 1, the logarithmic 
relationship may be expressed as 


Ve 
Ini = InI, + — 
oe nVr 


or 
Ve = nVr (in Ir Sia In I.) 


Ignoring temperature effeets for the moment, 7, Vr, and I, may be con- 
sidered as constants. If the diode is connected in the feedback path of an 
operational amplifier, as shown in Fig. 7.30, the output voltage of the 
amplifier is a logarithmic function of the input voltage. The derivation 
of the logarithmic relation proceeds as follows: 


. a 
G& = —-Vt = —7Vr (mn — In 1.) 


In considering the temperature compensation of such an amplifier, it 
should be noted that there are actually two separate temperature effects 
to be compensated: a temperature-sensitive scale factor, V7, and a 
temperature-sensitive offset term, 7VrlinI,.. The saturation current 
term can be removed or reduced by the use of a current source and a 
second, matched diode, De, as shown in Fig. 7.31. The current source 
forces a constant current Ig through D2, which in turn generates the volt- 
age V;. If the two diodes are perfectly matched, the Vr and I, terms for 
the two diodes will be equal and the In I, term will be absent from e3. 


Fig. 7.30 Simple logarithmic 
amplifier. 
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Fig. 7.31 ‘Temperature-compensated logarithmic amplifier. 


Thus we may write 


eo + V3 = —nVor (in 7 —InI, —InIg + In 1.) 


1 


3 


Ci 
Rilg 


C3 = —Vr In 


The only remaining temperature sensitivity in e; is that of the scale factor 
term. This can be compensated in the output amplifier by making its 
gain temperature-sensitive and compensating for the Vr factor. This 
is most easily done by using a temperature-sensitive resistor Rr in the 
feedback network as shown in Fig. 7.31. The output voltage is then 
given by | 
Rr + Ri + Rr Ci 
R, ae Rr Rik = Ky In (K2e;) 


The gain of the output amplifier determines the constant K:, and the 
values of In and R; determine the constant K,. Together, they determine 
the range of input voltage which will drive the output amplifier through 
its rated range. 

The dynamic range of a logarithmic amplifier of the type described in 
this section is limited by several independent factors. The diode itself 
follows the logarithmic relationship between v; and i; rather closely over 
as much as 6 decades of ir. However, if contains not only the input 
signal current i; but also the input bias current and the noise current 
of the operational amplifier, plus currents generated by the input offset 
voltage and input noise voltage applied across R;. If the maximum 
current allowed to flow through the diode (for accurate logging) is 1 mA, 
then R; must be 10 kQ, if the maximum input voltage is tobe 10 V. If 
we assume an amplifier which has an input bias current of 10 nA and 
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an input offset voltage of 1.0 mV, the dynamic range of input signal for 
1.0 percent accuracy is 100 mV to 10 V—arange of 40dB. The limitation 
is provided by the offset voltage. In order to achieve a dynamic range 
of 80 dB at 1 percent accuracy we must have a total error current of less 
than 1 nA. An amplifier with FET input will have a bias current of 
the order of a few picoamperes. However the input offset voltage must 
then be less than 10-9 A XK 1042 = 10yuV. Thisis avery difficult figure 
to maintain, particularly over a long period of time and over a range of 
temperatures. The noise voltage of the amplifier e,, also generates an 
error current, in = en/R:i, which must be considered as a part of the total 
error if transient signals with a broad frequency spectrum are being 
measured. These problems are not as formidable if the signal source is 
a high impedance source of current, as shown in Fig. 7.32. In such a 
case the input signal current flows through the feedback diode, generating 
a voltage proportional to the logarithm of the input current. Since the 
source resistance is extremely large, the effective voltage gain of the 
circuit is small, and the voltage offset and noise of the amplifier are 
not so critical as error sources. The principal sources of error are bias 
current and noise current, which can be made very small if an FET opera- 
tional amplifier is used. Note that in the log amplifiers discussed the 
input signal must be unipolar. It may, however, be negative or positive, 
depending on the orientation of the diodes. 

Another variation of the logarithmic amplifier is the log-ratio circuit 
shown in Fig. 7.33. Here there are two input signals (e1,e2) which 
are converted to temperature-sensitive logarithmic voltages (e3,e1) by 
the diodes D; and Dz and amplifiers A; and Az. The relations are | 


e 
e3 = —7Vr (in 7 —In 1.) 


sev (in 2h 1.) 


1 


Amplifier A; acts as a difference amplifier with gain. By subtracting e3 


- from e4, the temperature-sensitive offset terms Vr In I, tend to cancel 
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Fig. 7.33 Log-ratio amplifier. 


each other. The output voltage is 


Co = — (e4 — @3) = aL ee 
Re C2 
The temperature-sensitive gain term 7Vr can be canceled from the 
expression for e, if Rr/Re is made to have a compensating temperature 
sensitivity. 
The antilog function also can be obtained by using a diode with an 
operational amplifier as shown in Fig. 7.34. The following relationships 


apply, 


Co = Gj Ry 
"Ri + Be 
Sven es ay 
. = rR, Ee R, HVT f o 
but, also, 
€3 = —nVr(In lo — In I.) 
Therefore 
Ri 
1 V ] .. 
“VR ee 
Co = +i2Rr 
Ri e 
: Vr! 
eRe Rs. Rel 
—1 R, 
e, = Rel; | | -e eo | 
ane (Ri + Ra)nVr 


266 | APPLICATION 


i 


Fig. 7.34 Antilog amplifier. 


Once again the temperature-sensitive offset terms, 7 Vr In I., cancel if the 
diodes are well matched. The temperature sensitivity of the propor- 
tionality factor R:/(Ri + Re)qVr can be eliminated if the resistive 
divider (Ri,R2) can be made to have a compensating sensitivity. The 
current generator I; and feedback resistor R. are adjusted for proper 
scaling. The dynamic range of the antilog amplifier is determined by 
the noise, voltage offset, and bias current of both amplifiers. This 
means that for wide dynamic range, such as 80 dB, both amplifiers must 
have voltage offset and noise less than about 10 uhV. This is extremely 
difficult to achieve with normal operational amplifier designs. 


7.4.1 Applications of log amplifiers The log and antilog amplifiers 
described above can be used in combination for the generation of arbitrary 
functions by raising the input to a power, as shown in Fig. 7.385. The 
exponent a is obtained by simply multiplying In e; by a constant through 
a coefficient network. The voltage e. is proportional to In e;; thus ~ 


eg = aky In Kee; 
The output voltage is proportional to the antilog of e:: 


Cn = Ks In-} Kee = K3eKee2 
Co = K3(Keye;) e884 


The value of the coefficient can be greater or less than 1.0, if a scaling 
amplifier is used, thus allowing a variety of functions. For special situa- 
tions where the function is to remain fixed, the scaling of the log and 
antilog amplifiers can include the coefficient a. 

Another of the primary uses of the logarithmic amplifier js the com- 
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Fig. 7.35 Raising variables to a power with log techniques. 


pression/expansion of signals having wide dynamic range. Consider as 
an example the logarithmic amplifier with characteristic 


eo = —10 log e; 


where —10 V<e, < +10 V. A plot of this characteristic is shown in 
Fig. 7.36. The input signal range is from +100 mV to +10 V, which 
corresponds to an output range of —10 <e, < +10 V. Input signals 
in the range +0.1 V < ei < +1.0 are expanded to an output range of 
0V<e <+10V. Input signals in the range +1.0 V < e; < +10 V 
correspond to an output range of -10 V<e, < OV. Thus each decade 
of input range is represented by equal increments of output voltage. 
This makes somewhat easier the reading and recording of input data 
having a wide dynamic range. An ac compression amplifier with a 
psuedo-logarithmic response can be achieved with the circuit of Fig. 7.37a. 
The diodes D; and Dz generate the logarithmic response for positive and 
negative output voltages, respectively. The resistor Rr is required 
because of the discontinuity in the log curve at zero. This feedback 
resistor modifies the curve near zero as shown in Fig. 7.37b. The transfer 
curve of this compression amplifier will vary with temperature and 
cannot be effectively temperature-compensated in the output scaling 
amplifier. Thus it is useful only under temperature-controlled conditions 
or for very ‘‘rough” signal compression. 
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Fig. 7.37. Aclog compression technique. (a) Ac compression amplifier; (b) psuedo- 
logarithmic, ac compression characteristics. 


7.5 Analog Multiplication 
and Division! 1!~14.17 


In the preceding sections of this chapter we have discussed operational 
amplifier nonlinear circuits which provide limiting, function generation, 
and logarithmic amplification. Another frequently encountered non- 
linear application of operational amplifiers is for accurate multiplication 
and division of analog signals. The six most common solid-state methods 
are logarithmic, quarter-square, triangle averaging, time division, variable 
transconductance, and current ratioing. There are other techniques 
for multiplying, but these six are the most suitable for all-solid-state 
instrumentation. Together, they span a wide spectrum of accuracy, 
speed, and cost. 


7.5.1 . Logarithmic multiplier |The first multiplier to be discussed is the 
logarithmic type shown in Fig. 7.38a. The log and antilog amplifier 
techniques discussed in the preceding section are used in this circuit. It 
is only necessary to take the log of each input, sum these inputs, and then 
take the antilog of the sum. The result is the product of the two inputs. 
In terms of the variables shown in Fig. 7.38a, 


€3 = Ky (in C1 + In 2) = Ky In C102 
and 


€3 
Co Ko. In! K. = Kye1ee 


1 


Division can be accomplished by subtracting the logarithms of the two 
inputs and then taking the antilog. This can most easily be accom- 
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_ Fig. 7.38 Multiplication and division by log techniques. (a) Logarithmic multiplier; 
(b) logarithmic divider. 


plished with the log-ratio circuit of Fig. 7.38b. Here, 


C1 
e3 = Ky In — 
C2 
3 
Ky 
ei 
Co = K, — 
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Fig. 7.39 Two- and four-quadrant multiplication obtained from a single- 
quadrant multiplier. 


The logarithmic technique of multiplication and division is, of course, 
useful only for unipolar inputs, or one-quadrant operation, as it 1s some- 
times described. Actually, however, any single-quadrant multiplier can 
be converted to two- or four-quadrant operation by the technique shown 
in Fig. 7.39. It is only necessary to subtract from the output all 
unwanted terms in e; and és, and the constant term. The addition of 
Va and Vx to the input variables ensures that the inputs to the multiplier 
remain unipolar. 

~ The logarithmic approach, unfortunately, suffers from rather strong 
temperature sensitivity. This can be compensated to a certain extent by 
methods previously discussed. However it is difficult to achieve better 
than 1 percent overall accuracy even for a moderate temperature range. 
Because of its basic simplicity, however, the logarithmic method may be 
attractive where accuracies of 1 to 5 percent are satisfactory and where 
careful temperature compensation is not required. 


7.5.2 Quarter-square multiplier The quarter-square multiplier makes 
use of the equation | 
Ce ee YE eX te tt VE) CY ay 
4 7 4 | 
= XY 


to obtain the product. The squared terms are usually obtained through 
the use of special diode function generators, using the piecewise linear 
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Fig. 7.40 Quarter-square multiplier. 


techniques outlined earlier in this chapter. Squaring modules with 10 
breakpoints can approximate the function 


= Ke,? 


to within +0.1 percent of full scale. The term i,, is the output short- 
circuit current to ground, or virtual ground. The circuit of Fig. 7.40 
illustrates one means of obtaining multiplication through the quarter- 
square relationship. This method of multiplication is useful over a wide 
frequency range, which is its most attractive feature. Its principal dis- 
advantages are the complexity and cost and the fact that the maximum 
error voltage, although small as a percentage of full scale, may exist at low 
input levels. This statement is illustrated by the typical error curve of 
Fig. 7.41. The “ripple” in the error curve arises from the piecewise 
linear approximation used in the squaring modules. Additional errors 
are introduced by de offset shift as a function of temperature. 


7.5.3 Triangle-averaging multiplier The method of multiplication 
known as triangle averaging is illustrated in Fig. 7.42. The voltage e; is 
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Fig. 7.41 ‘Typical error curve of 
a quarter-square multiplier. 
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Fig. 7.42 Illustration of the triangle-averaging multiplier: (a) triangle-averaging 
multiplier; (b) multiplier waveforms. 


the half-wave rectified sum of the triangle wave and ei — e2. Only the 
positive part of the waveform is retained, and this is time-averaged by a 
low-pass filter. The resulting average value is 


1/1 —e 
= 5 (5+ a) We tere 
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Similarly 


1/1 
= 3b + Gy) ote ten 


The sum of the two voltages is 


If the e. term is removed in a Summing amplifier, the resulting voltage is 
the desired product. The frequency response of such multipliers is 
necessarily quite restricted because of the low-pass averaging filter at the 
output. This filter must effectively eliminate the carrier frequency and 
must therefore have a cutoff frequency well below the fundamental of the 
triangle wave. Increasing the frequency of the triangle wave to improve 
the overall frequency response leads to problems of capacitive coupling of 
carrier frequencies to the output as well as linearity problems in the tri- 
angle waveform. ‘The linearity of the triangle wave and the sharpness of 
the peaks of the waveform are the principal limitations on the accuracy 
of this method of multiplication. (See Chapter 10 for triangle-wave 
generators. ) 


7.5.4 Time-division multiplier Another carrier technique of multi- 
plication is the so-called time-division multiplier illustrated in Fig. 7.43. 
It is necessary to generate a square wave whose average value depends 
upon both of the input signals. In this method of multiplication a tri- 
angle wave is once again used. However, instead of clipping and averag- 
ing as in the triangle-averaging multiplier, the triangle wave is used to 
control an electronic switch. The triangle wave is summed with one of 
the input signals, es, and the sum is applied to a zero-biased comparator. 
The resulting asymmetric square wave has a duty cycle determined by the 
magnitude and polarity of es. That is, 


ee + Vo 
T>-= OV, T 

Vo — C2 
T, = OV, — 


This square wave in turn controls the electronic switch. Amplifier A» 
transmits +e; when the switch is at ON, and —e; when the switch is at 
OFF. Since the duty cycle of e, is proportional to e. and the magnitude 
is +e, the resulting average value is proportional to the product. When 
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(a) TIME DIVISION MULTIPLIER 


~ (b) TIME DIVISION MULTIPLIER WAVEFORMS 
Fig. 7.43 Illustration of the time-division multiplier. (a) Time-division multiplier; 
(b) time-division multiplier waveforms. 
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this waveform is averaged by a low-pass filter, the result is equal to the 
product, which a scaling factor. 


eo + V, Vo — e2 
———— — e, ————_ 


Qo = @4 =e 
i ea OV, 


Co = 


The time-division multiplier suffers from much the same problems as the 
triangle-averaging type. Accuracy depends strongly upon the linearity, 
symmetry, and ‘“‘sharpness”’ of the triangle wave. The resistors used in 
the feedback networks of A; and A, must be precisely matched, taking 
into account the series resistance of the switch. Offset voltage of the 
comparator will appear as an error term added to eo. The switching 
time for e, to change from +e; to —e,1is a critical error factor and must be 
small compared with the period T. This places a stringent limit on the 
upper frequency of the carrier and thus on the frequency response of 
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Fig. 7.44 Variable transconductance multiplier. 
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the multiplier. There are numerous variations of the triangle-averaging 
and time-division multiplier circuits. However, the examples given 
illustrate the techniques and some of the design limitations. — 


7.5.5 Variable transconductance multiplier Perhaps the -simplest 
multiplication technique is the variable transconductance method illus- 
trated in Fig. 7.44. This method depends upon the current through the 
matched pair of transistors being proportional to one of the input signals, 
ep. Assuming that the transistors are a perfectly matched pair, the 
differential collector current (and consequently the differential collector 
voltage) is proportional to the product of e1 and e:. The result is derived 
as follows: | 
gq Vbe1 
I, = Ise —— 
po ae agp 
Aly q 
i 
AVoe1 kT 
Q Vbe1 


i. = I, + I, = 21s¢ Tn 


Al, re _ ie AV bet 


AI. = aT I, AV be2 


C1 


Aly —— Al. = oT Le (AVobe1 =. AV dex) 


AR = ROA =Ale) = Rh, nin nee) 


Ro q €1€2 
ae\e:, = 


| Ry Re ORT K, 

The differential input operational amplifier provides proper scaling and 
conversion to a single-ended output. Because of the extreme temperature 
sensitivity of this method of multiplication, it 1s of limited usefulness. 
Both the scale factor and the de level will tend to drift, the latter because 
of unavoidable mismatch between the multiplying transistors. The 
linearity is also rather poor and ac feedthrough is appreciable. The ac 
feedthrough is measured by grounding one of the inputs and applying a 
sine wave to the other input. The output should be zero but actually 
contains a component of the input sine wave. This is particularly true 
when ee is grounded and the ac signal is applied at e;. The variable 
transconductance method is important chiefly because of its relation to 


Co 
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the current-ratioing method to be described next. This method, the 
basic principles of which were first described by Gilbert,!”7 is a vast 
improvement over the variable transconductance method although it 
uses the same basic relationships of the semiconductor junction. 


7.5.6 Current ratioing multiplier One realization of the current ratioing 
multiplier is shown in Fig. 7.45a. The heart of this multiplier is the gain 
cell shown in Fig. 7.45b. This device ensures that the currents i3, is 
in the collectors of transistors Q3, Qs remain in a constant ratio equal to 
the ratio of the external currents I; and Is. The currents Ij, I,, and Is 
are generated by constant current sources. The currents and voltages 
of the gain cell are related by the equations 


I, oes Kyeu1Va1 
I; = K.e2Va 
I; = Kye%Vees 
I a= K 4e%4V bes 


where 


If the transistors and diodes are matched to make a’s equal and K’s 
equal, then 


I, = e@(Vai—-Vaz) 
8 
and 
I 
es = e@(Vber—Vobes) 
I; 


The loop equation can be written 


Vai + Vobe3 os Vobe4 + Vae 
or 
Vai — Vaz = Vbea — Voes 


and, if this is substituted into the expression for I,/I3, the result is 
Ir Is 


In the multiplier circuit of Fig. 7.45a, the gain cell concept is used to 
enforce the conditions 
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Fig. 7.45 


(b) GAIN CELL 


Current ratioing multiplier. (a) Multiplier circuit; (b) gain cell. 
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Other necessary relations are 
h=k+Ii Ir =I; +1; 
Ir = 15+ Ie In =Ie+ 4 
Iit+l=Is I, +1; = Iz 
ex = R(, — I.) ey = R(s: — I) 
Combining the above equations and using a considerable amount of 
simple algebra, the relationship for AE is obtained: 


ee fF ex) Ry 


With constant Is and proper scaling the output voltage is 


AE = Ri(Ig ae Tio) = 


me (ex, — ex,) (ey, os ey,) 
10 


Accurate multiplication requires that the transistors used be dynamically 
matched, a requirement that makes monolithic construction attractive 
for this type of multiplier. However, it has been found possible to 
achieve 1 percent accuracy of multiplication through the use of carefully 
matched discrete transistors. 

The current ratioing multiplier has several desirable features which 
give it the potential for widespread use. These are: 


i, 


1. Good linearity 

. Wide bandwidth 

. Differential input 

. Stability with temperature 
. Low ac feedthrough 

. Low cost 


o> Ot BR W bO 


7.5.7 Analog dividers Any of the multipliers discussed in the preceding 
pages can be used as analog dividers by using the feedback circuits of Fig. 


(a) POSITIVE DENOMINATOR VOLTAGE (b) NEGATIVE DENOMINATOR VOLTAGE 


Fig. 7.46 Analog division techniques. (a) Positive denominator voltage; (b) negative 
denominator voltage. | | 
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7.46a and b. Note that only two-quadrant operation is possible because 
the voltage e, must be of opposite polarity to e;. For e, < 0, the mul- 
tiplier must provide polarity reversal whereas for e; > 0 the multiplier 
must generate + e1e./10 = —e, to ensure stable operation (negative 
feedback). The principal limitation of such feedback dividers is the large 
error term aS e¢2 > 0. This error term severely limits the dynamic range 
of the divider, especially where the error of the multiplier may have its 
largest value when the input signals are small (such as in the quarter- 
square multiplier). The best multipliers for use in feedback division are 
those whose error curve passes smoothly through the origin (such as the 
triangle-averaging and current-ratioing types). 


7.5.8 Squarers and square rooters One of the most obvious applica- 
tions of an analog multiplier is for computing the square of a signal 
voltage. Such calculations are quite common in power measurement, 
rms level measurement, and in computations of vector magnitude. 
Figure 7.47 illustrates such an application. The square-root function is 
obtained by using the multiplier as the feedback element, such as in the 
case of the divider circuit. The operational amplifier enforces the 
conditions 


ee 1 et 1 _ et 1 
102R 102R 10R 
e;” C2 
Oe Se eat 
Sy 


Co = Ver? + ee? 


Fig. 7.47 Multipliers used in vector magnitude computation. 
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ACTIVE FILTERS 


The operational amplifier, especially the integrated-circuit operational 
amplifier, proves to be an extremely useful active device in the realization 
of active RC networks. Operational amplifiers have high input imped- 
ance, low output impedance, large open-loop gain, and low cost. These 
qualities are used to advantage in the circuits to be discussed in this chap- 
ter. Enough has been discussed about operational amplifiers in the first 
chapters of this book so that we will not dwell on their properties here. 

We will begin our discussion of active filters in Sec. 8.1 by making 
statements about active filters in general. Then in Sec. 8.2 we will dis- 
cuss transfer functions and their parameters. Useful formulas are pre- 
sented to help evaluate the effects of tolerances and temperature coeff- 
cients of resistors and capacitors. In Sec. 8.3 we will then describe 
several realizations and provide design equations and sensitivity equa- 
tions. The basic sensitivity relations are derived and discussed in 
Appendix C. After we have become familiar with the circuit realiza- 
tions, we will discuss tuning (Sec. 8.4), how operational amplifier charac- 
teristics affect filter performance (Sec. 8.5), and, briefly, the character- 
istics of resistors and capacitors (Sec. 8.6). The chapter concludes with 
a set of filter design and tuning tables (Sec. 8.7). 
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8.1 Active Filter Characteristics 


The active element, in this case the operational amplifier, in active 
networks is necessary to permit the realization of complex left hand plane 
poles using only resistors and capacitors for the passive elements. The 
operational amplifier permits the use of reasonable-valued resistors and 
capacitors even at frequencies as low as 10-* Hz. An added bonus is the 
isolation afforded by the low output impedances of individual stages so 
that network stages can be designed and tuned independently with min- 
imal interaction. Other active elements, the negative immittance con- 
verter and the gyrator, can be implemented with operational amplifiers 
but for practical reasons are not widely used. 

Active filters have some characteristics of their own that make them 
sufficiently different from passive filters that one who uses them must be 
aware of these differences. For example, active filters usually have 
single-ended inputs and outputs and thus do not ‘“‘float’’ with respect to 
the system power supply or common as a passive RLC network can. 
Amplifiers used for active elements have a limited input and output 
voltage range (+10 V for most operational amplifier circuits) and an out- 
put current capability of a few milliamperes. 

_ The outputs of active filters built with operational amplifiers have a de 

voltage offset which drifts with ambient temperature changes. The 
voltage offset might range from a few microvolts up to several hundred 
millivolts. Drifts may range from 1 to 100 nV/°C or even more from a 
multiple-pole low-pass filter built up of many pole-pair stages. The 
inputs of active filters may have a bias current; this would be true for 
low-pass and band-reject filters and may be true for bandpass and high- 
pass filters, depending upon the particular circuit realization. The bias 
current may range from a few picoamperes for field-effect transistor 
operational amplifiers to a few microamperes for bipolar transistor and 
integrated-circuit amplifiers. 

Active filters can provide excellent isolation capabilities, that is, a high 
input impedance ranging from a few kilohms to several thousand meg- 
ohms if input buffer amplifiers are used, and a low output impedance 
ranging from a few hundred ohms down to less than 1 2. Unity-gain 
bandwidths as high as 100 MHz are available in operational amplifiers 
and permit filter designs in the vicinity of 1 Mc. Slewing rate, which is 
related to full-power response, is the limiting factor for large-signal 
characteristics. Frequencies as low as 10-° Hz are possible, but filters at 
these frequencies can become rather bulky because of capacitor sizes. 
Active filters can have voltage gain, as much as 40 dB in low-frequency 
low-Q filters. 
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The primary advantage of active filters is their small size-and weight 
for low-frequency applications and their ruggedness. 

All types of responses are possible: the old standards, Butterworth, 
Chebyshev, and Bessel (Thompson), single-tuned and stagger-tuned 
bandpass as well as other responses that meet special needs. 

The range of Q’s possible for active filters extends up to Q’s of a few 
hundred. However, high-Q networks capable of maintaining stability 
of their characteristics, in the face of element changes with time, tempera- 
ture, voltage, and frequency, require more expensive (and usually larger 
size) resistors and capacitors and generally more operational amplifiers 
than low-Q (less than 10) filters. These facts will become apparent as 
individual circuits are discussed. 


8.2 Pole Pairs, Network Functions, 
and Parameters 


The circuits to be described realize a single-pole or a single complex 
pole pair. More complicated filters are then built up from these indi- 
vidual building blocks. This approach permits ease of design and tuning 
of a complex filter, an important practical matter, by reducing interac- 
tions between elements. This approach also permits a single systematic 
approach to answering the question: What happens to the response of a 
filter if the network element values are not accurate and if they drift 
with time and temperature? 

The filter network functions that are of most interest are magnitude, 
phase, and group delay. The network parameters that are important 
are some characteristic frequency, Q, and passband gain. In this 
section these functions and parameters will be briefly examined for 
single-pole and complex-pole-pair networks for low-pass, high-pass, and 
bandpass networks. These relations will all be useful in the next section 
for deriving the sensitivity functions of these network realizations. 


8.2.1 Low-pass network functions 


Single Pole. The single-pole low-pass transfer function in the complex 
frequency variables is 


The magnitude of the transfer function for the response to sinusoidal 
steady-state excitation 1s 


H,20,2 \”% 
H(jw)| = G(w) = (==) 
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The phase is 


o(w) = — arctan — 
Wo 
and the group delay is 
dd(w) cos? d 
to) = - — = 


dw Wo 


Complex Conjugate Pole Pair. The complex-conjugate-pole-pair low- 
pass transfer function and the sinusoidal steady-state magnitude and 
phase functions are 


2 
H(s) ae ee 
NS) + AWS oe Wo” 
H,2wWo4 ‘ 
H . —_— G — Ra ee ren oo pe ee Ao. oe 
|H(jw)| (w) | + wrwo?(a? — 2) + ~d 


od(w) = — arctan k (22 4+ /4 — 2) 


1 
— arctan | (2 ca V/ 4 — “) | 
Qa Wo 


The relation for phase given above is expressed in a form suitable for 
general computer use since, on many computers, the arctan function 
can be determined only for the principal angle. Note that a? is usually 
never greater than 4. If it is, the poles will no longer be complex. The 
Q of a complex pole pair equals 1/a. 

The group delay for a complex conjugate pole pair is 


2sin2?d@ sin2@d 


AWo 2w 


T(w) = 


8.2.2 High-pass network functions 


Single Pole. The single-pole high-pass transfer function and the 
sinusoidal steady-state magnitude, phase, and delay functions are 


H,s 
Hi(s) = 

(s) aaa 

H,2w? ie 
G(w) = (==, 7 -;) 

d(w) = ee arctan — 
2 Wo 

sin? @ 


T(w) = 
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Complex Conjugate Pole Pair. The complex-conjugate-pole-pair high- 
pass transfer function and the sinusoidal steady-state magnitude, phase, 
and delay functions are 


H,s? 
es Ss? + aw S + w” 
H,2w4 V6 
Oe) = | + wwo?2(a? — 2) + =| 


o(w) =a — arctan E (2 . a Vi-<)| 


1 | a 
— arctan = (2° — “/4 — “) | 
a Wo ea 


2sin2?d sin 2¢ 
tle) = ——_ - -—-— 
QAWo 2w 


8.2.3 Bandpass network function The complex-conjugate-pole-pair © 
bandpass transfer function is 


Haws 
H(s) = —————_————__ 
(s) S2 + awoS + wo” 
where 
1 Wo i3 
So d = = 
“ Q ™ a we—or ff, — fy 


and where f. and f; are the frequencies where the magnitude response 
is —3 dB from H,, the passband gain which occurs at wo = 2mfo. The 
sinusoidal steady-state transfer function may be written in the form 


H 
1 + JQ(w/wo — wo/w) 


Thus, the magnitude, phase, and delay functions are 


H(jw) = 


CG H,? 4 
= F + Q*(w/w. — el 
H,2002wo2w? 2) 
~ = + wwo2(a? — 2) + =| 


—o(w) = 5 — arctan (= + V4Q? == i) — arctan (20 7 = V4Q? — i) 


Wo 
2Q cos? oy) sin 2o 


Wo 2w 


T(w) = 


8.2.4 Band-reject network function A band-reject filter can be realized 
by performing the operation 1 — Hgp(s), where Hzp(s) is a bandpass 
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transfer function (Fig. 8.1). If R’ = RH, (bandpass) 


2 2 
1 a 
Ss? + awS + wo? R 
Since this filter is very closely related to the bandpass filter, its properties 
will not be discussed. 


8.3 Filter Realizations! 


In this section we shall present some realizations for active filters. The 
operational amplifier filter circuits to be analyzed, and for which design 
procedures and sensitivity equations are given, are the infinite-gain 
multiple feedback, controlled source, infinite-gain state-variable feedback, 
and negative immittance converter realizations. Another realization 
sometimes used is the infinite-gain single-feedback type. This type 
involves the use of bridged-T and twin-T networks as well as requiring 
the cancellation of unwanted zeros and poles. Thus this type requires 
many elements to realize a transfer function with complex poles and is 
therefore uneconomical. Trimming and adjustment of bridged-T or 
twin-T networks is difficult since the passive elements interact to a high 
degree in such networks. For these reasons this circuit will not be dis- 
cussed. Single real pole realizations will not be shown since these are 
rather trivial and easy to design. In addition, single-operational- 
amplifier single-pole circuits are rather uneconomical. 

Design procedures given in this section are only suggested procedures. 
Other choices are possible, and as one gains experience with these circuits, 
it becomes desirable to design procedures for minimizing sensitivity in 
certain network parameters or to ensure a convenient spread of element 
values. In the design procedures given, the capacitors are always made 
equal. In addition, one usually starts the design process by selecting the 
capacitor value because there are fewer standard values of capacitors than 
there are resistors. Resistors are less expensive than capacitors and are 
more easily used in trimming schemes. In some cases the passband gain 


; » 
BANDPASS “ — 


Fig. 8.1 Band-reject filter. | FILTER 
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+ 
o Fig. 8.2 Infinite-gain multiple- 


Ey 
; T feedback circuit. 


H, is a free parameter. It is often convenient to let H, be a variable 
which can be used as a parameter for determining optimum, or at least 
small, sensitivities of certain parameters. An example of this is given in 
the controlled-source circuit designs. Also, letting H, be a free parameter 
simplifies complicated design equations. 


8.3.1 Infinite-gain multiple-feedback circuits Figure 8.2 illustrates the 
infinite-gain multiple-feedback connection for a pair of complex conjugate 
s-plane poles with zeros restricted to the origin or infinity. The amplifier 
is used in its inverting configuration, with the + input grounded. Each 
element Y; represents a single resistor or capacitor. The voltage transfer 
function is | 


ea. ~ViY; 
Y5(Yi = Y> “= Y3 a Y4) = Y3Ya 
+ (1/Aox)[(Ys + Y¥s)(Yi + Yo + Ya) + YaYs] 


In the limiting case as Aor, approaches infinity we obtain 
= (8) = oe 
Bi Vs(Yo Yer Ye-P Ya) YoY 


Examples that follow show how these five elements may be chosen so as 
to realize low-pass, high-pass and bandpass network functions. 


Low Pass. The infinite-gain multiple-feedback circuit for a low-pass 
network function is shown in Fig. 8.3. The voltage transfer function is 


Ko _ —1/RiR3C2C; 
By Ss? + (s/C2)(1/Ri + 1/R3 —- 1/Ra) + 1/R3R4C2Cs 
Note that this circuit produces a signal inversion, as will all circuits 


realized by this technique. 
For this circuit, following the notation of the low-pass network function, 
Ra 


H, == 
Ri 
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1 i 
ee (ez) 


Gs/ [Rs , [Ri = 
Va( Rn, + VR, +R, 


pi xs 
¢=x + oie 
T = TLpP 


Note that the phase inversion has been incorporated into the phase 
function. A tuning procedure for this circuit would be first to adjust w 
with R; at a frequency of 10w, as outlined in the section on tuning. Then 
adjust a with R; at the a peaking frequency. 

The sensitivities of the network parameters to circuit element changes 
follow. Remember that the open-loop gain of the operational amplifier is 
assumed to be infinite (at least very large), and so sensitivity functions 
for open-loop gain changes are not considered. 


Sr,’ = Sr 2° = Sco, eo = §o,%° = ~5 
Sc,~ = —So,? = ; 
1 

Sa." = GashiGs 

1 1 
Be aaah 

1 1 
on 5 aor, 
Srze = —SpHo = 1 


Note that Sc,* and Sc,* are constant and opposite in sign and so are 
Sr te and Sr. 

DESIGN PROCEDURE 

Given: Ho, a, wo. = 27fo 

Choose: C; = C, a convenient value 


C, = KC 
4(Ho + 1) 


2 


CS 


a 


Fig. 8.3 Multiple-feedback low- 
pass filter. 
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ar A(H, ze y) 
l . — ahs J fe 
Calculate: Ru C 1 a5 1 Kat 


20) 
R 
Ri — a 
1 
Rs = —— > 
: Wo2C* Rak 


For best results H, should be less than 10 for circuits with an a of about 
0.1 (Q = 10) and can be as high as 100 for an a of about 1 (Q = 1) or 
less. These extreme limits assume that the operational amplifier has 
an open-loop gain of at least 80 dB at the frequency of interest. The 
effects of finite open-loop gain for multiple feedback circuits will be 


discussed later. 
High Pass. A high-pass realization is illustrated in Fig. 8.4. The 
voltage transfer function is 
EK, oe — (Ci/C4)s? 
1H s? + s(1/Rs)(Ci/C3C,4 + 1/Cz + 1/C3) + 1/ReRsC3C, 


In terms of our high-pass network function 


C1 
Ci 


1 a 
= Carat 
_ Be ( Ci, {Cs \<) 
Rs V/C3C, 7 C4 ss C3 
@ = 17 + up : 


c= TAP 


Tuning this high-pass filter will have to be done in the reverse order 
to that of the low-pass filter. First, adjust a with Re or Rs at the 
frequency where the a peak occurs (the w. frequency is not known 


H, = 


Fig. 8.4 Multiple- feedback 
high-pass filter. 
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because w,. has not been set yet). Then adjust w by adjusting R» 
and R; simultaneously by the same percentage: a will remain constant. 


A trimming scheme involving C; would be simpler. The sensitivities 
to element value changes are 


Sr,” = Sr,°? = Sc,”° —_ Sc,°° se 


1 1 C, 
S eS eS at ee 
a 2 awWoRsC3 (= a 1) 
1 
ys 


1 Ci 
S OA es a ers) 
“ aw ,RsC,4 (S al 1) 
ga a 1 Ci 
mi = Hise CC) 


Sc He = =per° ae | 


DESIGN PROCEDURE 
Given: Ho, a, w. = 2rf, 
Choose: C = C; = C3, a convenient value 


1 
Calculate: Rs = (2H, + 1) 
AWC 
aH, 

R, = ———_—~ 

*  @C(2H, + 1) 
C 
Cy = = 


Again, restrictions on H, are the same as those for the low-pass case. 
Note that this realization requires three capacitors, a feature which 
might make it undesirable when compared with other circuits. 


Bandpass 1. There are several configurations of the five elements 
which may be used to realize a bandpass function. One of the more 
practical configurations is the one shown in Fig. 8.5. The voltage transfer 
function is 

Bo) _ —s(1/RiCe) 

s? + s(1/Rs)(1/C3 + 1/Cs) + (1/RsC3Cz)(1/Ri + 1/R2) 


In terms of our bandpass network function 


1 
=o (RR aaCye) 
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[date 
“1 R.C;C, \R, | Re 


1 J 1 C; fe A 
—-=-a = << — — 
Q R;(1/Ri1 +- 1/Re) C4 | C3 
¢ =a + opp 


T = TBP 


Tuning this filter appears rather formidable. In practice Ri > Re and 
so Rz can be used to trim the Q. Then, to adjust the center frequency, 
R. and R; can be simultaneously adjusted by the same percentage with 
negligible effect on the Q. 

The sensitivities of the network parameters with respect to the elements 
are 


1 
Sr,”? = Sc,” = Sc,” ee) vee cu 
S YW — ee ee 
a 7 2wo27RiRsC3C4 
S Wo — ee ee 
Aa Qeao*ReRsCsCe 
R, 1 
SEE © gee ane 
me D(R cE ORGy: 2 
R, 1 
6 ee ee 
Me" 2(R, + Re) 2 
1 
Sr,2 = 9 
Q 1 
Qa pare 
Se, WoRsCs3 2 
Q 1 
S.@ = eae 
<e woRsCa 2 
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=) 

Fig. 8.5 Multiple-feedback 
bandpass filter. 
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DESIGN PROCEDURE 
1 
Given: H,, Q = — w = 2rf, 
a 
Choose: C = C3 = C4 


1 
Calculate: Q = — 


2 

ae srs 

pees 
Z 


Again, restrictions on H, apply to guarantee that the design equations 
give fairly accurate results. 


Bandpass 2. Another multiple-feedback circuit uses an additional 
active element to overcome some of the disadvantages of the single- 
amplifier circuit, especially the bandpass realization for Q’s roughly 
between 10 and 50. High Q’s realized with bandpass 1 have large spreads 
of element values and high Q sensitivities to element value changes. The 
multiple-feedback circuit with positive feedback is shown in Fig. 8.6. 
The voltage transfer function 1s 


Ko s(K/RiCs) 


E, © = 24 @/R.Cad + G./G; — KRs/Ry + G/C,G.R) G/Ri 
+ 1/Re + 1/Re) - 


+O 

E ‘ + 
a Re Ro v 
Fig. 8.6 Multiple-feedback bandpass circuit with positive 
feedback. 
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Note that the output is taken at the second amplifier. The overall 
signal transfer is noninverting. The circuit parameters are 


| eee aera 
° Ry Pace + C./C3) — 1/Re 
1 1\]” 
o=|R male? = R, +z) 


1 _ a a Or/. 9G ERE 
Q °  WR,(1/Ri + 1/Rz + 1/Re) = ( C3 =) 
o 
T 


foe 


= opp 


TBP 


Since R; and Re are larger than Re, Re is used to trim the center frequency. 
Note that in this circuit Q can be adjusted with K without influencing w». 
The sensitivity of the network parameters to element value changes are 


Sr,@ = —|1 
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Sr, R, 
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nt Qao?RiRsCsCa 
S Wo — ee ee 
Be Qaro?ReRsCsCu 
S Wo — at 
7 20o7ReReC3Ca 
| ei 
Q2 = — 
Sai” = 3057RiR.C,C. 
—] 
Q2 = 
Sr.” = 5,,7RRsCiCx 
Sp2 = — 1 ne se ee ee 
me 2 (1 +. Re/Ri + Re/Re) (Re/KR;) (1 + C4/Cs3) — | 
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Sc.2 = Q ay 
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Q ( =) 1 
— 1 OW te 
SR. woRsC4 TG, 2 
—KQ 
CO 
Oe ee RCs 
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Sr,K = —Sr,K = 1 
DESIGN PROCEDURE 
Given: Q = 1l/a, w. = 2rf, 
H, must be a free parameter. 
Choose: C= Cs = Ca, R= Ri = Rs; 
K is chosen to reduce the spread of element values or to optimize 
sensitivity. It might typically be between 1 and 10. 


VQ 
WoC 


KVQ 
= R ————_ 

2VQ-1 

1 1 2 1 
G= 5-9 (@-!-Zt+z%) 


For this procedure, H, = Vv Q Kk. 


Calculate: R = 


Re 


This completes the section on infinite-gain multiple-feedback realiza- 
tions. A few general comments are in order. An advantage of this 
realization is that the output impedance is low; thus networks may be 
cascaded with negligible interaction. A disadvantage is that it is not 
possible to obtain high Q without resorting to large spreads of element 
values and also incurring large Q sensitivities. The multiple-feedback 
realization with positive feedback can overcome this and allow reasonable 
sensitivities up to a Q of 50. 


8.3.2 Controlled-source circuits A noninverting voltage-controlled 
voltage source (VCVS) implemented with an operational amplifier is 
illustrated in Fig. 8.7. The input impedance is very large, tens to 
hundreds of thousands of megohms, depending upon the type of opera- 
tional amplifier, and the output impedance is very low, usually less than 
1Qfor K between 1 and 10. The voltage transfer function is 


Ko Rp 
cy ee ce ale 
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Fig. 8.7 Noninverting opera- 
tional amplifier VCVS. 


The sensitivities of K to the two resistors are 


Sr, = 1 
SaX = —-1 
Figure 8.8 shows the controlled-source connection for a circuit which may 
be used to realize voltage transfer functions with a single pair of complex 
conjugate s-plane poles with zeros restricted to the origin or infinity. 
The Y; are restricted to be single elements, R’s and:C’s. These five ele- 
ments may be chosen so as to realize low-pass, high-pass, and bandpass 
network functions. Realizations are possible with K < 0; but, since this 
operational amplifier circuit always has K greater than +1, these will not 
be discussed. The voltage transfer function 1s 
EK. 2 KYiY,4 
Mel Yarr Yoo Yee Ya Yes Yo = 19 + Val Xa 
Low Pass. A VCVS circuit for a low-pass network function is shown in 
Fig. 8.9. The voltage transfer function is 


| K/RiR2CiC2 
s? + s[1/RiCi + 1/R2Ci + (1 — K)/R2C2] + 1/RiR2CiC2 
The network parameters are 


H, = K 


1 \% 
oe Gamo) 


Ko 
i, (s) = 


Fig. 8.8 VCVS configuration 
for a second-degree voltage 
transfer function. 


Active Filters 


Fig. 8.9 VCVS low-pass net- 


work. 
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Controlled-sourece circuits are easier to tune than other circuit realizations. 
In fact, they can be adjusted over wide ranges without interaction of the 


network parameters. 


w. is tuned by adjusting R; and Re by equal per- 


centages: a will not be affected. Capacitance C; and C2 can be adjusted 


in the same way for the same result. 


ais trimmed by adjusting K. The 


sensitivities of the network parameters to element value changes are 


Sr,” 
S «Ho 
Sr,% 
Sr,” 


Sc,% 


Sc,7 


DESIGN PROCEDURE 


1 
= Sr,” = Sc, = Sc,” = a, 
= | 
_ 1 
Dewan RiC, 
1 YP 7k. tek 
eae) 
2 aw,Re \Cy Cy 
1 a Cee 
Ser oa 
-1 1-K 
~ 2 awReCe 
_  -K 
~” eyes Big Cs 


Given: H, a, w. = 2rf, 


Choose: C, 


C. = C, a convenient value 


Calculate: K = H, > 2 
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298 
a | 4(H. — 2) 
Bs = 5" |1+ Poh a? | 
1 


i ~ W207? Re 


If H, is large, say greater than 10, there will be large spreads in element 
values and high sensitivities. An interesting design procedure is to 


use K to vary the sensitivities of circuit parameters. 
Capacitors are often the components which have the largest tempera- 


ture coefficients. It is possible to set K such that the overall a sensi- 
tivity is minimum, assuming that the capacitors drift equally. In 


this case we set Sc,7 = —Sc,”. 
Choose C = C; = Cy and let Ri = Re = R; then K = 3 — a and 
R = 1/,C. ; 
High Pass. A VCVS circuit realization of a high-pass network func- 
tion is shown in Fig. 8.10. The voltage transfer function is 
K ( ) Ks? 
may) 
Ey s? + s[1/R2Ci + 1/R2C2 + (1 — K)/RiCi] + 1/RiR2CiCe 


The network parameters are 
He = K 


( 1 Vs 
Wo = ec nar aoe 
ee 
R,C,\”% R,C2\” ReCo\” ReCe\7 
a= (PF) + (2S) +(e) -~K(#) 
R2Ce ReC; RiCi RC, 
The same comments about frequency adjustment and tuning that we 
mentioned in the low-pass case apply for the high-pass case also. The 
network parameter sensitivities with respect to element value changes are 
1 


Sr,” = Sr,” —— Sc,“ = Sc,” = 9 


Ry 


Ey 
T Fig. 8.10 VCVS high-pass net- 


C 
E, 
z work. 
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ee Se 
a 2 Ri Cyaa 
1 1 fl 1 1 
S Os ee An es eA eee is 
Bs Z Ro (— - =) AWo 
1 1 1—K 1 
S Oe as eis 
“1 2 ——( Ry - x) 
1 1 
Sot == - 
C2 2 aw CoRe 
—K 
S a — 
7 awoR iC, 
SxHo = 


DESIGN PROCEDURE 
Given H,, a, wo = 27f, 
Choose C; = C. = C 


V a? H, — 1 
Calculate: Ri = ea A ee acl Cia al ) 
4woC 


4 1 
~ @C atv a2 + 8-1) 


Naturally, H, = K must be such that R; and Re are positive-valued 
resistors. Again, a large H, will result in a large spread of element 
values and high sensitivities. We can use the same scheme for making 
Sc,%7 = — Sc,* as in the low-pass case. 

Choose Ci, = Cz = C; let Ri = R2 = R. Then K = 38 — a and 
R = 1/w,C. 


Bandpass 1. A VCVS realization for the bandpass network function 
is Shown in Fig. 8.11. The voltage transfer function is 


Re 


E, (s) i” Ks/R,C_ 
A, 1 1 1 1 #1- S| 
“TSlR Go RIG’ RG.’ RG, RG, 


me ae 
R3 \Ri = Re/ CiCe 


The network parameters are 
Se 
1 + Ri/Rs + Co/Ci(l + Ri/R2) + (1 — K)(Ri/R:) 


ieee, 
Rs Ri R» CiC, 


H, = 


Wo 


‘|C. 
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The sensitivities of the network parameters to element changes are 


Sc,*° = Bc,°° = Sr,%° — 5 
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GC." C, 


eae) 
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DESIGN PROCEDURE 


The general design formulas obtained by solving the network parameter 
equations for the circuit elements are very complicated. The following 


design procedure, however, has been found to be useful. 


fairly good spread of element values. 
Given: Q, wo = 2rf, 

H, will be a free parameter, 

Choose: C = C; = Cz, a convenient value 


It gives a 
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Fig. 8.11 VCVS bandpass net- - 
work. sa 


2 
Calculate: K = 5 — v2 


Q 
- V2 
aC 


R =F R, = Re = Rz 
Then 
5 
H, = —=Q-1 
V2 
High-Q circuits will have a large spread of element values and high 
sensitivities. Q’s should be less than 10 for best results. 


Four other bandpass circuits are realizable by using the VCVS with 
K > 0. One is obtained by removing Cz in the circuit of Fig. 8.11 and 
connecting one terminal to the node formed by C; — Ri — Re and the 
other terminal to ground. Two others are generated by interchanging 
the locations of the resistors and capacitors in the circuit of Fig. 8.11 and 
the one mentioned above. These two are of less practical interest because 
they require three capacitors and one of the capacitors is a series capacitor 
at the input. | 


Bandpass 2. Still another bandpass realization is illustrated in Fig. 
8.12. The voltage transfer function is 


Fig. 8.12 Alternative VCVS _ --— 
bandpass network. | 
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The center frequency can be trimmed by varying Ri and Re. If this 
is done simultaneously so that their ratio remains constant, Q will not 
change. Q can be trimmed with K. Note that there is a restriction on 
the minimum value K may have for stability. Because of this restriction, 
the passband gain H, will be negative. The sensitivities of the network 
parameters to element value changes are 
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DESIGN PROCEDURE 

Given: Q, wo. = 2rf, 

H, is a free parameter, 

Choose: C = C,; = Cz, a convenient value 


1 
Calculate: Ri = Re = 
WoC 
_ 3Q-1 
— 2Q--1 


Then 
[H,| = 8Q — 1 


Q should be limited to about 10. 


A few general comments about controlled-source realizations are in 
order. The Q (or a) of a circuit may be adjusted independently of wo 
by adjusting K: it is not independent of H., however. Networks may 
be cascaded without interaction occurring between them. The frequency 
term w, can be adjusted independently of a for the low-pass and high-pass 
cases, aS discussed earlier. The characteristics of the network are sensi- 
tive to K. The circuit becomes very Q-sensitive to element value 
changes for high Q’s. 


8.3.3 Infinite-gain state-variable circuits An _ infinite-gain  state- 
variable network configuration is illustrated in Fig. 8.13. This config- 
uration makes use of operational amplifiers in the same way they would 


+ 
U 
E 


a 
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Fig. 8.13 State-variable infinite-gain network configuration. 
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be used in an analog computer realization of transfer functions (i.e., using 

integrators and summers). A second-order realization is shown in Fig. 

8.14. Here the usual summing amplifier is replaced by a differentially 

connected operational amplifier to ease the spread in element values. 
The voltage transfer function has the form 


Ko, a taiS+ + + + an—18"7* + ans” 

E, ia bo + bis + - + + ba_as®7? + baSn 

The design procedures used in this section are simplified procedures in 
that Ci = Co, Ri — Rae, and Rs = Re. We set Ry = Ro and Ci = Co 
in order to scale adequately the output voltages of the operational ampli- 
fiers. The condition R; = Rez further simplifies design calculations. 
Note that bandpass, low-pass, and high-pass realizations occur simul- 
taneously. One merely chooses the output at a different point. In 
addition, one can sum the low-pass and high-pass outputs and form a pair 
of jw axis zeros. The transfer functions are 


1  1+R./Rs 
Bip, _ RiRsCiCo 1 + Rs/Ri 
Ey 1 1+R/Rs Re 1 


ee 


RiCil + Ra/R3 Rs RiReCiC. 


Fig. 8.14 Second-degree state-variable network. 
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ait Ro/Rs 
Enp (Ss 1+ R3/R, 
Ey ae 1 Lt Ro/Rs | Re 1 
RiCi 1 + Ru/Rs Rs RiReCiC. 
a” 1 1+ Re/Rs 
Epp Oz RiCi 1 + Rs/Ra 
Ei 1 1+ Re/Rs . Re 1 


2 a 
TSG 1+ R,/Rs | Rs RiRsC,Cs 

The state-variable realization in general provides less Q sensitivity to 
element variation than a single-amplifier realization and for this reason 
is sometimes used for high-Q bandpass applications (Q > 50). Of course 
it requires three amplifiers, which is a disadvantage. For the low-Q 
low-pass and high-pass applications, it is a rather expensive circuit to use. 
Since some filter manufacturers use this circuit as a basic building block, 
the low-pass and high-pass as well as the bandpass outputs are worth 
some discussion. 


Low Pass. The network parameters for the low-pass function are 
1 + Rs/Re 
1+ R3/R, 


_ ( Re ) 
Yo ™ \R-RCReCs 


te Bey 
QQ Oneness” 


~ 1+ Ra/Rs \Ro RiCi 
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H, = 


The sensitivities of the network parameters to element value changes are 


1 
Sp." = Sa," = Spt = So, = Soy = — b= —Sa 
1 
Sr,” a Sc," = 9 = —Sr," = = Se. 
1 Re/Rs | 
c= - ———__-——____—__ = —S§ a 
= 2 " RiCiaw.(1 + Ra/Rs) = 
1 
S c= = —§S a 
Se 1+ R:/Ra : 
—l 
Sale = —§ 
e a 4 RR 
Sr,H cen —Sp,H - i R;/Re 


H, 1 + R;/Rz 


306 APPLICATION 


DESIGN PROCEDURE 

Given: a, wo = 2rfp 

H, is a free parameter. 

Choose: C = Ci = Ca, Rs = Re = R3. 
1 | 


Calculate: Ri = Re = —— 
WoC 


2 
R= (2-1)R 
a 


High Pass. The network parameters for the high-pass function are 


1 + Ro/Rs 
1+ Rs/R, 


atten) 
*° ™ ARR RCC. 


— 1+ Re/R; = Bae)" 
a= [| — 
1+ R./Rs3 Reg RiCi 
= HP 


T = THP 


Then 


H, = 


The sensitivities of the network parameters to element value changes are 
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DESIGN PROCEDURE 


Given: a, w = 2rf, 
H, is a free parameter. 
Again a simplified design procedure is described by setting R; = Re. 
Choose: C; = C2 = C 
Rs — Re = R3 


Calculate: Ri = Re = 
WoC 
R= (2 -1)R, a< 2 
a 


Bandpass. The network parameters for the bandpass case are 


= Re ‘a 
» = (Soe 

~ 1 LBV (ERG Ys 
oa es ed 
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1 
Sr Wo — Sr Wo — Sr,” = Sc,°° aa Sc,° et : 
1 
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ee ene 
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1 
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1 Re/Rs 
Sa OG 0 ey oe eee 
a = 2 RiCia,,(1 + Ra/Rs3) 
1 
S 2 = —S§,2 = 
. By 1+ R2/Ra 
Srv =) = —Sr,2 


DESIGN PROCEDURE 
Given: Q, w = 2rf, 

Again the simplified design procedure consists of setting Rs = Re. 
Choose: Cy, = Cy = C R3 = Rs = Re 
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1 
aa tC 


Rz = R3(2Q — 1) 


Note that all these filters can be tuned by varying Ri and Re or C; and 
C2. simultaneously. The Q can be independently adjusted by Ra; the 
gain will change, however. 


8.3.4 Negative immittance converter circuits A realization for an 
INIC!? (deal current-inversion negative immittance converter) using a 
differential input operational amplifier is shown in Fig. 8.15. The voltage 
and current relationships are 


Ki = Ke 
Re 1. 
I=—I,=-—I 
1 R, 2 K 2 
The sensitivity of K to element value changes is Sr,X = —Sr,* = 1. 


One reason the INIC realization might be used is its low sensitivity 
to element value changes as compared with other realizations. However, 
the INIC realization does not have a low output impedance, and isolating 
stages must be used if stages are to be cascaded. Since low-pass and 
high-pass filters have low Q’s and, hence, low Q sensitivities for filters 
up to about six poles, we will discuss only the bandpass realization. It 
is probably not economical to use the INIC for low-pass and high-pass 
filters. 


Bandpass. The INIC realization for a bandpass filter is shown in 
Fig. 8.16. 


The voltage transfer function is 
HE, z —Ks/RiC2 
Ey Ss? gs s(1/RiC, + 1/R2C2 = K/RiC,) + 1/RiCiR2Cez 


<< ____ 
| 


EQ ~—S Fig. 8.15 Operational amplifier 
a realization of the INIC. 
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The network parameters are 
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“Gi/ Cre Ri/ Ro = K 


1 1 
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The sensitivities of the H., Q, w. network parameters to element value 
changes are 


Sx# = 1+ H, 
SoHo = Oy = —SoHe 
1 Kk 1 
Meals 
1 
ae oe 2 
1 
— es “2 . 
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Fig. 8.16 INIC bandpass net- 
work. | 
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DESIGN PROCEDURE 
Given: Q, w. = 2rf, 
Choose: C; = C2 = C 
Let R; = R. = R’ 


APPLICATION 


Then 
2Q0 — 1 
K -78@ =} 
Q 
| 1 
R= 
WoC 


The value for R in the INIC is relatively arbitrary, but best results 
are obtained if it is in the 10 to 30 kQ range. 
Note that for this design procedure 


1 
Q= 90 — es 
ee a 
K 
Ho = 4 H, tl _ = 
™ : ee pg 
_ ol 
saab ce 
1 
Sr,° Sc,2 ae Sr? = —Sc,2 = Q a . 
Be,"° = Sr,H° oe = ay = 2G, ° = Q 


As one can see from the schematic diagram, a load at E, will affect 


the circuit transfer function. 


Thus INIC realizations cannot be 


cascaded without isolating amplifiers between stages. 
Note that, in general, if Ri and Re are adjusted by the same per- 
centage, the Q and gain remain constant while the center frequency 


varies. 


The same holds true for equal percentage changes in C. 


Note also that adjusting K gives a Q adjustment independent of the 
center frequency; the gain will change, however. 


8.4 Tuning Active Filter Stages 


This section discusses a technique for tuning the complex-con]ugate- 
pole-pair stage. The single-pole stage is easy to tune and will not be 


discussed here. 


The magnitude response of a low-pass complex pole pair for several 
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Fig. 8.17 Magnitude response of second-order low-pass filters for several values of @ < 2. 
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values of a is plotted in Fig. 8.17. Note that at 10, all responses have 
essentially the same magnitude with respect to the magnitude at direct 
current. Thus we can tune w, independently of a at this frequency. 
Also at some low frequency, say 0.lw., the magnitude of the responses 18 


essentially the same. The curves have a peak at wa = wo V1 a?/2 
fora < 1/2: For a > ~/2 there is no peak. The frequency at which 
the peak occurs will be called the alpha-peak frequency and will be 
designated wa. This frequency will be used as a tuning frequency as 
will be 10w, and 0.lw.. For those stages where a > +/2 the —3-dB 
frequency will be used instead of we. The particular resistors or 
capacitors used for tuning or trimming a complex-pole-pair stage were 
discussed previously for each of the different circuit realizations. 

The procedure for tuning the low-pass pole-pair stage is first to measure 
the response at 0.1w, and then to measure the response at 10w, and trim 
the element or elements necessary to adjust w, to give the correct response 
at that frequency. This may affect the response at 0.1w., depending on 
the circuit realization. Now measure the response at wa or the —3-dB 
frequency, whichever is the case, and trim the a of the stage to give the 
correct response. This may affect the w adjustment. In some realiza- 
tions a can be set independently of w. The response at 0.lw. must be 
measured again since the a adjustment may have affected it. The gain 
H, should be fairly close to the calculated value if there are no parameter 
effects such as those produced by capacitor leakage and dissipation factor, 

stray wiring capacitance or amplifier open-loop gain and frequency 
response limitations. 

The tables at the end of this chapter (Sec. 8.7) give the w. or the —3-dB 
frequencies and the magnitude of the peak in decibels with respect to the 
gain at direct current. 

A high-pass stage is tuned in the same manner except that the tuning 
frequencies are the reciprocals of those for the low-pass stage. 

Bandpass stage tuning is, conceptually at least, simpler but practically 
may be more difficult because of interactions among elements. The Q is 
perhaps a less critical performance parameter than the center frequency. 
Thus it may be reasonable to adjust the center frequency only and let the 
Q be what it turns out to be; it will probably be close to the desired value 
anyway. 

Those stages easiest to tune are those where the Q can be adjusted 
independently from w.. Otherwise, one has to achieve the correct values 
by an iterative process. The Q is adjusted at. those frequencies which are 
—3 dB down from the peak response at w.. Those frequencies are 


a + oe VI + AG 


f, 


re 
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me V1 + AQ 


i= 


= 


where Q = f,/bandwidth = f./(f2 — f1) and fife = f,?. 
For high Q’s (Q > 10) one can assume arithmetic symmetry of the 
—3-dB frequencies about the center frequency. Then 


BW 
f=] th 
BW 
fi Boba oe 


where the bandwidth BW = f,/Q. 


8.5 How Amplifier Performance Affects 
Filter Performance 


In this section we will examine how certain amplifier performance 
characteristics affect filter performance. ‘These performance character- 
istics include de voltage offset, bias current, voltage and current noise, 
and open-loop gain and are discussed in more detail in Part 1 and 
Appendix A. 

A de offset voltage and its drift at the output are often important in low- 


Fig. 8.18 Model for analysis of the effects of offset voltage and bias 
currents on a filter circuit. 
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pass filter applications. As an example of this type of analysis, consider 
the controlled-source low-pass realization shown in Fig. 8.9. At direct 
current the circuit becomes that of Fig. 8.18. Bias currents and the 
input offset voltage have been included. An additional resistor R, has 
been included and can be used to equalize the current offset drift effects, 
as will be explained. Analysis reveals 


] ‘ 
Ra(1 + 1/A) RJA (ie2(Ra + Re)(Ra + Re) 


— Ini[Re(Ra + Ry) + RaRv] — Vos(Ra + Ry) ]} 


oO = 


Letting A— 
Eo mac Tp2(Ri + R2)K = Ipi(R-K + Rp) i Vos 


where K = 1 + R,/, the ideal closed-loop gain of the controlled-source 
amplifier of a controlled-source low-pass realization. R, is used for bias 
current compensation. R, may be omitted if impedances are low or if 
- drift and offset are not critically important. Assuming the bias current 
Igi and Ige are equal, R, should be 


R 
Re = Ri + Ba — — 


The offset and drift problems associated with other realizations are carried 
out in the same manner and will not be discussed here. 

Output noise of active filter circuits is due tothe internal voltage noise 
and current noise of the operational amplifier. Effects of voltage and 
current noise can be analyzed by using the noise models of the operational 
amplifier (see Appendix A). The analysis will not be carried out here 
since a separate chapter could easily be written on this subject. Rms 
noise sources are usually assumed, and this is normally the specification 
given in the data sheets. Low-noise amplifiers sometimes have peak-to- 
peak noise specified. Current noise may cause a greater noise output — 
than voltage noise if the amplifier noise currents are flowing through large 
resistances, as is often the case with active filter circuits. FET opera- 
tional amplifiers have very low bias current and also have low current 
noise. ; noise. 

The effects of open-loop gain characteristics of operational amplifiers on 
the multiple-feedback bandpass circuit will now be discussed. Open-loop 
gain effects can be severe in the multiple-feedback circuit and especially 
for the bandpass realization because of the large amount of loop gain 
required for ideal performance. The open-loop gain of the operational 
amplifier is neither infinite nor constant for all frequencies. These prop- 
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erties are discussed elsewhere (Appendix A) and will not be covered 
here. It will be sufficient to say that for our purposes 


Ao 


ou ra, 


where w, is the —3-dB corner frequency of the operational amplifier. 
The exact equation for the infinite-gain multiple-feedback realization is 


—Y,1Y3 
Ys(Ya-+ Yo + Ys Yu) + ¥s¥u 
+ (1/A)[Y¥s(¥i + Yo + Ys + Ya) + Ys¥u + Ys(Yi + Yo)] 


H’(s) = 


If A— o we have 


0 a 
Yeti Your Veer Xa) a Ysa 
Then 
H’(s) = al. 


Let us define G(s) = 1/{1 — H(s)(1 + Y2/Yi)] as the feedback ratio 
(output terminal to the — input), so that A(s)8(s) is the loop gain of the 
operational amplifier. Now we can rewrite H’(s) as 


an ee See 
H"(s) = H(s) E {ae Loe | 


Thus, the error due to finite loop gain is 


E(s) = _ —Hs) 
1 + A(s)A(s) 
This equation is completely general for any infinite-gain multiple-feedback 
realization. Note that the phase of E(s) zs not the phase error of the filter 
but is the phase of the error. A plot of magnitude error (|H(jw)| — 
|H’(jw)|) and phase error [¢u(jw) — $,(jw)] for a 10-kHz bandpass filter 
with a gain of 10 and a Q of 20, using an amplifier with a de gain of 100 dB 
and a —3-dB corner frequency of 100 Hz (unity-gain bandwidth = 10 
MHz), is shown in Fig. 8.19. 

Differential input impedance of the operational amplifier also affects 
_ filter performance particularly if network element impedances are large. 
If we include this in the analysis, we insert an admittance Y, from the 
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Fig. 8.19 Magnitude and phase error of a bandpass filter due to finite open-loop 


gain. 


In this case 


minus input of the amplifier to common. 


1 
1 — H(s)[1 + Yo/Yi + (V6/Yi1Y3)(Yi + Yo + Y3 + Y,)] 


B(s) 


Both open-loop gain and differential input impedance change with tem- 


perature and affect filter performance, especially at low temperatures, 


, of course, 18 to 


The solution 


use an amplifier with more gain and higher differential input impedance or 


since they are both smaller in magnitude. 


reduce circuit element impedance levels. 
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8.6 Circuit Elements 


In this section the salient features of the resistors and capacitors most 
popularly used as circuit elements will be discussed. 


8.6.1 Resistors Three types of resistors most often used are carbon 
composition, metal film, and wire-wound resistors. Carbon composition 
resistors have a rather poor temperature coefficient of resistance (200 to 
500 ppm/°C) and are used for “room temperature’ applications or in 
filters which may have rather loose performance tolerances with tempera- 
ture, as in the low-Q stages of two- or three-pole high-pass or low-pass 
filters. Composition resistors are useful for trimming and padding metal 
film or wire-wound resistors where the relatively poor temperature 
coefficient causes only a small percentage change in the overall value. 
Carbon resistors are relatively inexpensive and are available in a wide 
range of values. 

Bandpass filters and the high-Q stages of a high-pass or low-pass 
multiple-pole filter require metal film or even wire-wound resistors. 
Two popular temperature coefficients for metal film resistors are 
+100 ppm/°C (TO) and +50 ppm/°C (T2). Metal films can be pur- 
chased with a positive- or negative-only temperature coefficient and also 
with lower temperature coefficients (for example, +10 ppm/°C). The 
metal film resistor is probably the most commonly used resistor for filter 
applications and is available in a wide range of values. High-Q filters 
and/or filters which require especially stable parameters with tempera- 
ture changes may require wire-wound resistors with temperature coef- 
ficients as low as a few parts per million per degrees centigrade. High- 
frequency applications will require noninductive wound resistors. 

Integrated-circuit technology offers alternatives to discrete resistors: 
diffused resistors, thin and thick film. 

Base-diffused, emitter-diffused, base pinch, and collector pinch resistors 
are formed simultaneously with the diffusions for the transistors of the 
circuit. Temperature coefficients and initial tolerances make this type 
of resistor marginal for active filter applications unless the filter can be 
designed so that its parameters depend primarily on resistance ratios. 

Thin-film resistors are deposited on ceramic or glass substrates. 
Materials such as SnO or a 8i0-Cr cermet are deposited by silk-screen 
methods. Others such as Nichrome, tantalum, or cermet may be deposited 
by evaporation or sputtering. The electrical properties of these resistors 
are considerably superior to those of diffused silicon resistors. An advan- 
tage of thin film over diffused or thick-film resistors is their superior long- 
term stability. 
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Thick-film resistors consist of special resistive inks screened and fired 
on ceramic substrates. Thick-film resistors are trimmable by means of 
sand blasting or laser techniques. The table following gives typical 
(untrimmed) parameters for several integrated circuit resistors. 


Typical Parameters of Integrated-circuit Resistors 


Temperature 
Range, coefficient, | Tolerance, | Matching, 
Type Q ppm /°C % % 
Base-diffused................. 100-30 k 500-2000 | +10 1 
Emitter-diffused .............. 5-100 900-1500 +15 2 
Base pinch................005 5 k-200 k 4000-7000 +50 5 
Collector pinch............... 10 k-500 k | 4000-7000 +50 10 
Thin film (Ta or Ni-Cr)........ 30-100 k 0 + 400 2 0.5 
PEC TUM oreo eek eek ee wt 1-10 M 0 + 500 +20 10 


8.6.2 Capacitors Capacitors present the most severe problem to 
active-filter designers. Capacitors which have superior characteristics 
such as polystyrene, Teflon, NPO ceramic, or mica are expensive and 
large in size. NPO ceramic is available in sizes up to about 0.05 uF for 
catalog items. Good-quality polystyrene capacitors can be used for the 
large values (10 uF) in critical applications but then are physically very 
large. Mica capacitors are available in values up to 0.01 uF but are 
larger than a Mylar or polycarbonate capacitor of the same value. 
Physically small ceramic capacitors such as the ceramic disk capacitors 
and others that have large dielectric constants (from 1,200 to 6,000) have 
relatively poor characteristics. Capacitance changes with temperature, 
frequency, voltage, and time amount to several percent. For high-Q 
applications these changes can make a filter stage unstable or have severe 
amplitude peaking or attenuation. Such filter stages are usually highly 
Q-sensitive to element value changes. 

The merit of a capacitor dielectric from the point of view of freedom 
from losses 1s expressed in terms of the power factor of the capacitor. 
The power factor is the sine of the angle by which the current flowing 
into the capacitor fails to be 90° out of phase with the applied voltage. 
The tangent of this angle is called the dissipation factor. The reciprocal 
of the dissipation factor is termed the Q and is the ratio of the capacitor 
reactance to the equivalent series resistance. 

With ordinary dielectrics, phase angle is so small that the power 
factor, the dissipation factor, and the reciprocal of the capacitor, Q, 
are, for all practical purposes, equal to each other and to the phase angle 
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expressed in radians. For high-quality capacitors these are practically 
independent of capacitance, voltage, and frequency. Although the 
power factor of a capacitor is determined largely by the type of dielectric 
it is also affected by the environment in which it operates; it tends to 
increase with temperature and is affected by humidity and by the absorp- 
tion of moisture. 

The effect of a capacitor with its power factor can be taken into account 
by replacing the capacitor with an ideal capacitor associated with a 
resistance. ‘This resistance may be represented in series or in parallel. 
For lower power factors (R, < 1/wC)R, is given by 


: wer factor 
Series resistance = R, = -———— 
2rfC 


For the parallel resistance we have approximately 


1 


Parallel resist a a Ty Se ES 
arallel resistance ° — 2afC (power factor) 


A list of dielectric materials and representative performance features are 
given in Table 8.1. 

Integrated-circuit capacitors are of three types; p-n junctions, MOS 
structures, and thin-film types. These capacitors have small values, 
and their values vary greatly with temperature. 

The most suitable capacitor for integrated-circuit filters are those 
utilized in hybrid construction and are NPO ceramic chips or, for low- 
frequency work, tantalum capacitor chips. 


TABLE 8.1 Typical Capacitor Parameters for Different Dielectrics 


Temperature 
Dielectric | Power factor coefficient of 
capacitance 
IVAN ose, 6 sted tok, & Bre doitnaat nda ateas 8 X 10-414 x 1074 +250 ppm/°C 
0-70°C, larger at extremes 
High-quality polystrene........ 1 X 10°*+2 X& 10-4 —50 to —100 ppm/°C 
—60 to +60°C 
High-quality mica.............| 1 X 10°47 X 1074 0-70 ppm /°C 
NPO ceramic................. 5 X 107*20 X 1074 0 + 30 ppm/°C 
Polycarbonate................ 30 X 1074-50 & 10-4 | Non-monotonic 
Total +1% 
0-70°C, larger at extremes 
CHONG ob: bsnceaia dorian Gates 0.5 X 107*1.5 & 1074 | —250 ppm/°C 


—60 to 150°C 
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8.7 Filter Design and Tuning Tables 


TABLE 8.2 Butterworth Network Parameters 


Number 
of poles 


RR | eA Linn ceRRTRTTeetnitetans | “I | RET 
——— 


. 000000 


2 


3 


10 


Stage 


— WON noe Ne — 


W bo 


m OO De mwdoe 


ae & be 


oe Wh ee 


1.414214 


a real pole 
1.000000 


1.847759 
0.765367 


a real pole 
1.618034 
0.618034 


1.931852 
1.414214 
0.517638 


a real pole 
1.801938 
1.246980 
0.445042 


1.961571 
1.662939 
1.111140 
0.390181 


a real pole 
. 879385 
. 5382089 
: 000000 
. 847296 


OS a we pet 


.985377 
. 182013 
.414214 
.907981 
. 312869 


“OOF F Ee 


. 000000 
.000000 


. 000000 
. 000000 


.000000 
. 000000 
.000000 


. 000000 


1.000000 


ed on oe a 


ee oe oe 


. 000000 


. 000000 
.000000 
. 900000 
. 000000 


. 000000 
. 000000 
. 000000 
. 000000 


. 000000 
.000000 
.000000 
. 000000 
. 000000 


000000 
000000 
000000 
000000 
000000 


Tea iS Ta Ses ss go 


frequency 


1.000* 


1.000 
0.707 


0.719* 
0.841 


1.000* 
0.859* 
0.899 


0.676* 
1.000* 
0.931 


1.000* 
0.745* 
0.472 
0.949 
.661* 
.829* 


0 
0 
0.617 
0.961 


. 000* 
.703* 
.917* 
107 
. 969 


oo coc oO e& 


.655* 
. 756* 
.000* 
167 
.975 


oCorco 
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7.25 


— 


.25 


1.84 
10.20 


* Butterworth filters are frequency-normalized to give —3-dB response at w = 


20 log G(wa)/G(o) 


1.0. 
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TABLE 8.3 Bessel Network Parameters 
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Number 
of poles 


cen | apenas eee eterna 
ed ee 
—— 


. 732051 


2 


3 


10 


Stage 


m OG DD = 


me WN = 


1.732051 


a real pole 
1.447080 


1.915949 
1.241406 


a real pole 
1.774511 
1.091134 


1.959563 
1.636140 
0.977217 


a real pole 
1.878444 
1.513268 
0.887896 


1.976320 
1.786963 
1.406761 
0.815881 


a real pole 
1.924161 
1.696625 
1.314727 
0.756481 


1.984470 
1.860312 
1.611657 
1.234887 
0.706560 


Wo 


.322185 
.041541 


.023265 
. 389366 


.646738 
. 177893 
. 261023 


4.336026 


. 566490 
. 149177 


.971785 
. 066204 
.379273 
.049527 


.654832 
. 825360 
. 210417 
.959311 


. 297005 
. 370902 
.606651 
. 056082 
. 876636 


. 976066 
.112217 
.405447 
. 913585 


800155 


Wa OT 


—3 dB* 


frequency | 20 log G(wa) /G(o) 


.362* 


.322* 
.483* 


.067* 
.624 


.647* 
.874* 
711 


.872* 
.867* 
122 


.972* 
.562* 
.004* 
. 709 


.701* 
. 389* 
.637 
.680 


.297* 
.330* 
.339* 
.600 
.655 


.540* 
.069* 
.392* 
.857 
.623 


3.09 
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TABLE 8.4 Chebyshev Network Parameters, Ripple = 0.5 dB, p-p 


Wa OT 
Number —3 dB* 
of poles Stage | a Wo frequency | 20 log G(we)/G(o) 

2 1 1.157781 1.231342 0.707 0.50 

3 1 areal pole | 0.626456 0.626* 
0.586101 1.068853 0.973 .03 

4 1.418218 0.597002 0.595* 
0.340072 1.031270 1.001 .50 

5 a real pole 0.362320 0.362* 
0.849037 0.690483 0.552 28 
0.220024. 1.017735 1.005 20 

6 1.462760 0.396229 0.383* 
0.552371 0.768121 0.707 50 
0.153543 1.011446 1.005 30 

7 a real pole 0.256170 0.256* 
0.916126 0.503863 0.384 .78 
0.388267 0.822729 0.791 38 
0.113099 1.008022 1.005 94 

8 1.478033 0.296736 0.283* 
0.620857 0.598874 0.538 .58 
0.288544 0.861007 0.843 89 
0.086724. 1.005948 1.004 25 

9 | areal pole 0.198405 0.198* 
0.943041 0.395402 0.295 60 
0.451865 0.672711 0.637 13 
0.223313 0.888462 0.223 08 
0.068590 1.004595 1.003 28 

10 1.485045 | 0.237232 0.225% 
0.651573 0.487765 0.433 21 
0.345860 0.729251 0.707 30 
0.178208 0.908680 0.901 .02 
0.055595 1.003661 1.003 25.10 


* These filters are frequency-normalized so that the magnitude response at the pass- 
band edge passes through the lower boundary of the ripple band at w = 1. 
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TABLE 8.5 Chebyshev Network Parameters, Ripple = 1 dB, p-p 
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Number 
of poles 


. 050005 


10 


* These filters are frequency-normalized so that the magnitude response at the pass- 


Stage 


om Whe 


or &W De 


Design 
a 
1.045456 1 
a real pole 0 
0.495609 0 
1.274618 0 
0.280974 0 
a real pole 0 
0.714903 0 
0.179971 0 
1.314287 0 
0.454955 0 
0.124942 0 
a real pole 0 
0.771049 0 
0.316871 0 
0.091754 0 
1.327947 0 
0.511120 0 
0.234407 0 
0.070222 0 
a real pole 0. 
0.793624 Q. 
0.368610 0 
0.180942 0. 
0.055467 0 
1.334229 0 
0.536341 0 
0.280859 0 
0.144161 0 
0.044918 0 


.494171 
. 997098 


528581 
993230 


. 289493 
. 655208 
. 994140 


. 303139 
. 746806 
. 995355 


. 205414 
. 480052 
. 808366 
. 996333 


. 265068 
. 983832 
. 850613 
. 997066 


159330 
317312 


. 662240 


880560 


.997613 


. 212136 
.476065 
721478 
. 902454 
. 998027 


Wa OT 
—3 dB* 
frequency 


Tuning 


band edge passes through the lower boundary of the ripple band at w = 


1.00 


6.37 


11.12 
16.85 
26.95 


1. 


20 log G(wa) /G(o) 


324 APPLICATION 


TABLE 8.6 Chebvshev Network Parameters, Ripple = 2 dB, p-p 


* These filters are frequency-normalized so that the magnitude response at the pass- 
band edge passes through the lower boundary of the ripple band at w = 1. 


Design Tuning 
Number We OF . 
of poles Stage a Wo —3dB* | 20 log G(wa)/G(o) 
frequency 
2 1 0.886015 0.907227 0.707 2.00 
3 1 a real pole 0.368911 0.369* 
2 0.391905 0.941326 0.904 8.31 
4 1 1.075906 0.470711 0.305 0.85 
2 0.217681 0.963678 0.952 13.30 
5 1 a real pole 0.218308 0.218* 
2 0.563351 0.627017 0.575 5.34 
3 0.138269 0.975790 0.971 17.21 
6 1 1.109145 0.316111 0.196 0.70 
2 0.351585 0.730027 0.707 9.22 
3 0.095588 0.982828 0.981 20.40 
7 1 a real pole 0.155340 0.155* 
2 0.607379 0.460853 0.416 4.75 
3 0.243009 0.797114 0.785 12.35 
4 0.070027 0.987226 0.986 23.10 
8 1 1.120631 0.237699 0.145 0.65 
2 0.394841 0.571925 0.549 8.24 
3 0.179098 0.842486 0.836 14.97 
4 0.053512 0.990141 0.989 25.43 
9 1 a real pole 0.120630 0.120* 
2 0.625114 0.362670 0.325 4.53 
3 0.282589 0.654009 0.641 11.06 
4 0.137959 0.874386 0.870 17.23 
5 0.042225 0.992168 0.992 27.49 
10 1 1.125921 0.190388 0.115 0.63 
2 0.414283 0.466780 0.446 7.84 
3 0.214523 0.715385 0.707 13.42 
4 0.109773 0.897590 0.895 19.20 
5 0.034169 0.993632 0.993 29.33 
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TABLE 8.7 Chebyshev Network Parameters, Ripple = 3 dB, p-p 
Design Tuning 
Number We OF 
of poles Stage a Wo —38dB* | 20 log G(wa) /G(o) 
| frequency 

2 1 0.766464 0.841396 0.707 3.00 

3 1 a real pole 0.298620 0.298* 
2 0.325982 0.916064 0.891 9.85 
4 1 0.928942 0.442696 0.334 1.70 
2 0.179248 0.950309 0.943 14.97 

5 1 a real pole 0.177530 0.178* | 

| 2 0.467826 0.614010 0.579 | 6.84 
3 0.113407 0.967484 0.964 18.92 
6 | 1 0.957543 0.298001 0.219 1.51 
2 0.289173 0.722369 0.707 10.87 
3 0.078247 0.977154 0.976 22.14 

7 1 a real pole 0.126485 0.126* 
2 0.504307 0.451944 0.422 6.23 
3 0.199148 0.791997 0.784 14.06 
4 0.057259 0.983099 0.982 24.85 
8 1 0.967442 0.224263 0.164 1.45 
2 0.324695 0.566473 0.551 9.89 
3 0.146518 0.838794 0.834 16.71 
4 0.043725 0.987002 0.987 27.19 

9 1 a real pole 0.098275 0.098* 
2 0.519014 0.355859 0.331 6.00 
3 0.231548 0.650257 0.641 12.77 
4 0.112754 0.871584 0.869 18.97 
5 0.034486 0.989699 0.898 29.25 
10 1 0.972004 0.179694 0.131 1.42 
2 0.340668 0.462521 0.449 9.48 
3 0.175474 0.712614 0.707 15.15 
4 0.089664 0.895383 0.894 20.96 
5 0.027897 0.991638 0.991 31.09 


* These filters are frequency-normalized so that the magnitude response at the pass- 
band edge passes through the lower boundary of the ripple band at w = 1. 
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ANALOG / DIGITAL, 
DIGITAL/ ANALOG, 
AND SAMPLING NETWORKS 


In this chapter we will discuss the use of operational amplifiers in applica- 
tions involving both digital and analog signals. In some cases, the digital 
signals are used to control the acquisition of samples of analog signals. 
In other applications, the digital signal is being converted to an analog 
voltage or, conversely, an analog signal is being converted to a series of 
digital words. In nearly all these applications the desired characteristics 
of the operational amplifiers are high input impedance, low bias current, 
low voltage drift, and fast response to transient signals. The degree to 
which each of these requirements must be met depends, of course, upon 
the accuracy and speed requirements of the particular application. In 
the following discussions, these requirements will be examined in more 
detail. 


9.1 Multiplexers? !2:1° 


Multiplexers are used to reduce the number of components and/or the 
weight required to process more than one analog signal and to facilitate 
computer control of data acquisition. The number of channels in a mul- 
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tiplexer can vary from two to several hundred, subject to certain practical 
limitations. The number of samples per second that must be taken of 
each analog input signal is determined by the highest frequency com- 
ponent of the signal. At least two samples per period must be taken 
according to the Nyquist sampling theorem.'® Thus, one limitation on 
the maximum number of channels in a multiplexer system arises from 
limited switching rate of the multiplexer channels and the required mini- 
mum number of samples per second. Usually, multiplexers are designed 
with a fixed number of channels on a plug-in card, or in a plug-in module. 
Two methods are presented in Sec. 9.1.5 for expanding the number of 
channels through interconnection of two or more multiplexer modules. 

The most commonly used switches in modern multiplexer designs are 
the JFET transistor and the MOSFET transistor. The preference for 
these switches is due to the excellent de isolation between the switch 
driver circuitry and the analog signal path which they provide. Other 
desirable characteristics of such switches are zero offset voltage, low- 
leakage current, and a very large OFF-to-ON impedance ratio. Some 
systems employ relays if fast switching is not important. Only the FET- 
type transistor switches will be discussed in this section. In addition to 
discussing the operation and properties of these devices we shall also 
present a treatment of differential input multiplexers and multitiered 
multiplexers. 


9.1.1 Multiplexer with MOSFET switches The first type of multiplexer 
to be considered is one using MOSFET switches. Figure 9.1 shows the 
circuit diagram of a single-ended input multiplexer using N-channel deple- 
tion-mode MOSFET transistor switches. The output of each switch is 
tied to a common node which is the multiplexer output. Each switch 
driver circuit applies voltage to the gate of a MOSFET switch. This 
voltage controls the state of the MOSFET: a —15-V level turns it to OFF 
and a +15-V level turns it toON. With +15-V power supplies and an 
analog input range of +10 V, the MOSFET transistor must have a gate- 
to-source cutoff voltage of —5 V maximum and gate- -to-source and gate- 
to-drain breakdown voltages of +25 V minimum. 

The output node of the multiplexer must be connected to a high imped- 
ance load such as a high input impedance sample-hold module to prevent 
part of the analog input from being dropped across the drain-to-source 
resistance of the ON channel. If the multiplexer output must be loaded, 
a buffer amplifier as shown in Fig. 9.1 should be used to isolate the load — 
from the common node. The amplifier should provide a very accurate 
gain of unity, which requires that the common-mode rejection and open- 
loop gain be high. A gain accuracy of 0.01 percent requires that both 
parameters be in excess of 80 dB. The de input uncertainty is caused 
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Fig. 9.1 Single-ended multiplexers: (a) using MOSFET transistors; (b) simple 
switch driver circuit. 


by the inherent offset voltage of the input stage of the amplifier and 
by the bias current flowing from the amplifier through the impedances of 
the source and the ON channel switch. The time required for the ampli- 
fier to settle within a desired percentage (for example, 0.01 percent) of its 
final output voltage after the application of a step input (settling time) 
will determine the maximum allowable sampling rate of the multiplexer. 


9.1.2 Multiplexer with JFET switches The second type of multiplexer 
to be considered is one using JFET (junction FET) transistors. With a 
few changes, the circuit of Fig. 9.1 can be modified to use N-channel 
JFET transistors. Since the gate-to-source voltage of a JFET must be 
zero when the device is turned to ON, the gate must somehow be made 
to follow the analog input. ‘lo keep the analog input isolated from the 
gate of the JFET and the switch driver, the gate is bootstrapped by Rs 
from the output of a buffer amplifier, as shown in Fig. 9.2. When Qi 
and Q» of the gate driver, shown in Fig. 9.1, are turned to ON, the out- 
put of the buffer amplifier must supply any output load current, plus 
(N — 1)25/Rg(kQ) mA through the N — 1 bootstrap resistors to the 
—15-V supply (through Q2) when the input of the ON channel is at 
+10V. When Q; and Q:2 are OFF, the diode (D,, for instance) is reverse- 
biased and the FET turns to ON. The gate-to-source cutoff voltage 
of the JFET must be —5 V maximum (for inputs up to +10 V), and the 
buffer amplifier must have the characteristics previously described if its 
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output is used for the multiplexed signal. The high common-mode 
rejection and offset requirements for the buffer amplifier can be relaxed 
if the output can be taken at the common node. The buffer then is a 
very simple switch-biasing follower whose gain and offsets are not as 
critically important. 


9.1.3 Other design considerations The simple switch driver shown in 
Fig. 9.1 can be used with either type of FET switch. This circuit has 
the virtue of simplicity, and it will rapidly turn an FET to OFF (since 
Qi and Q. turn to ON rapidly). However, the storage time and the RC 
time constants associated with Qi and Qe cause the switch driver to be 
‘slower when switching the FET to ON. This break-before-make action 
may be desirable in some applications, but it leaves the + input of the 
buffer amplifier open momentarily, thus allowing ac signal pickup such 
as spikes from the switch driver feeding through the interelectrode 
capacitances of the FET switches. This problem can be reduced some- 
what by using a more complicated switch driver circuit which employs 
an active pull-up transistor instead of Rs. | 

The interelectrode capacitances of the FET switches and stray wiring 
capacitance are responsible for input signal feedthrough from the N — 1 
OFF channels to the output (crosstalk). Crosstalk is directly propor- 
tional to the frequency and amplitude of the signals applied to the OFF 
channels and the signal source.impedance of the ON channel. 


Analog/Digital, Digital/Analog, and Sampling Networks 331 


The leakage currents that flow in any input channel of a multiplexer 
when that channel is ON differ from the currents flowing when that 
channel is OFF. The leakage current of an ON channel is composed of 
the gate-to-source and drain-to-source leakages of the N — 1 OFF chan- 
nels, the leakage from the gate of the ON channel, the leakage (or bias) 
current from the + input of the buffer amplifier (when it is used), and 
the leakage current from a load connected to the common node (if this 
connection is made). The leakage current of each OFF channel is com- 
posed of the source-to-drain and the gate-to-drain leakages of that 
channel. | 

The input capacitance of a multiplexer is generally small enough 
(~30 pF) so that it will not significantly degrade the rise and fall time 
plus the settling time of a step input signal, provided the input signal 
source impedance is not too large (<1 kQ). It takes about 10 time con- 
stants for a step input to settle to 0.01 percent of its final value in a simple 
RC system. Steps occur when switching from one channel to another 
channel of a different input voltage. 

The frequency response, however, is highly dependent on the input 
signal source impedance (R,) and the input capacitance (C;). The out- 
put amplitude will be down by 0.1 percent at approximately fs ap/30 
and by 0.01 percent at approximately f3 gp/100, where f3 an = )47R,Ci. 
The error due to phase shift is even more severe. These effects are in 
addition to the gain amplitude error and phase shift of the buffer amplifier. 


9.1.4 Differential input multiplexers The multiplexers described in 
Secs. 9.1.1 and 9.1.2 are all designed for single-ended circuits. In the 
following paragraphs we consider differential input and output multi- 
plexers. Figure 9.3 shows a simplified diagram of a differential input- 
output multiplexer which includes a differential DC amplifier instead of a 
single-input buffer amplifier. There are two basic types of differential 
multiplexer circuits: the two-wire system and the three-wire system, 
both shown in Fig. 9.4. In a three-wire system the shield is connected 
to the common point at the transducer so that each shield is driven by the 
common-mode voltage (the voltage generated between the common point 
at the input signal source transducer and the common point of the differ- 
ential amplifier). Since the common-mode voltage appears at both differ- 
ential inputs, bootstrapping the shield with the common-mode signal 
means that no currents due to the common-mode voltage will flow 
between the differential inputs and the shield. If these currents were 
allowed to flow, any unbalance in the impedance seen by each differential 
input line would limit the common-mode rejection of the differential 
amplifier. In the three-wire system, the shield is switched along with 
the two input lines. The shield node is then connected to the guard 
input of the differential amplifier. In the two-wire system, each shield 
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Fig. 9.3 Differential input multiplexer. 


is connected to signal common at the signal source, but each shield is not 
connected at the multiplexer input. If a guard is needed around the 
multiplexer or the differential amplifier, the common-mode signal can 
be extracted from the voltages on each differential input, namely, 
Lé(e1 +2). Often this signal is readily available at a point in the differ- 
ential amplifier. This method of splitting the shield reduces the com- 
plexity of a differential multiplexer by reducing the number of parts 
required and the number of input pins required on a module. 

The CMR is limited by the common-mode input impedance of the 
differential amplifier and by signal source impedance unbalances. Any 
mismatch in the Ron resistance of the two multiplexer switches of a 
differential channel will be interpreted by the instrumentation amplifier 
as a signal source impedance unbalance. Consequently, the Ron of the 
FETs in any channel should be matched. 

The same considerations and limitations apply to difsrantial multi- 
plexer FET switches as for the single-ended input multiplexer switches 
described in Secs. 9.1.1 to 9.1.3. 


9.1.5 Multitiered multiplexing There are two common ways to com- 
bine more than one multiplexer module or plug-in card to expand the 
number of channels in a system. The method used may depend upon 
the type of decoding logic that is used to drive the multiplexers. If a 
10-channel BCD (binary-coded decimal) to decimal decoder is used, the 
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Fig. 9.4 Differential multiplexers: (a) three-wire system; (b) two-wire system 
with split guard. 
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pyramid structure can be used, as shown in Fig. 9.5 for a 10-channel 
multiplexer. The same multitiered connections also apply to the differ- 
ential-type multiplexer, although only the single-ended type is shown in 
the figure. Outputs of the units counter drive the K module logic inputs 
all in parallel. The 10s counter drives the output accumulator. This 
technique greatly simplifies the logic required to drive the multiplexers. 
Up to 100 channels can be built using only 11 modules. The technique 
can be extended to over.100 channels by adding another BCD counter 
and decoder for the hundreds position. When less than 100 channels are 
used, some scheme must be devised to reset the counters to zero when the 
last channel is reached. ‘This can be accomplished by connecting gates 
to the four outputs of the 10s and units counters to sense the highest 
required count. The output of these gates then resets the counters to 
zero. In some systems binary coding is used. In this case the number 
of inputs per module would be eight. 


9.2 Digital-to-Analog Converters’ ® 


Communicating between the analog and digital worlds requires devices 
that can translate the language of the two worlds. A digital-to-analog 
(D/A) converter accepts a digital word as its input and translates, or con- 
verts, this word to an analog voltage. Converters can be built to accept 
the digital word in a variety of codes such as BCD or the binary code. 
The analog output of a unipolar n-bit binary D/A converter is given by 
the expression 


Eo = Vr(ai27! + ae2-2 + a32-38 + + + ~ an2™) (9-1) 


where Vr is an analog reference voltage and the coefficients a; through an 
are equal to 0 if a bit is at OFF and equal to 1 if a bit is at ON. The 
weight of the most significant bit (MSB) is Vpa/2 and the weight of the 
least significant bit (LSB) is VeR/2™. When all bits are turned to ON 
(all binary inputs at a logical 1), the analog output will be equal to 
Vra(l — 2"). When an operational amplifier is used as the output ampli- 
fier of a D/A converter, the gain of the amplifier can be adjusted to make 
the term VR in Eq. (9-1) equal to 10.240 V. For a 10-bit converter 
(21° = 1,024) the LSB comes out an even 10.240 V/1,024 or 10 mV. 
When all bits are at ON the analog output will be 10.230 V, that is, Vr 
minus the weight of the LSB. Likewise, for a 12-bit converter, the LSB 
would be 2.5 mV when Vz = 10.240 V. Although making Va = 10.240 V 
makes the output levels become easy-to-remember combinations of the 
powers of 2, the analog output is often scaled to be 10.00 V when all bits 
are at ON. 


336 APPLICATION 


Ve = —10V 


LSB MSB 
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9.2.1 D/A converter designs The basic elements of a D/A converter 
are the resistor network, the current or voltage switches, the reference 
supply, and the output operational amplifier. Figure 9.6 shows the 
diagram of a parallel entry binary-coded D/A converter with a binary- 
weighted resistor network. Binary-weighted currents set by the resistor 
network and the reference voltage (Vz) are summed by the operational 
amplifier which is operating as a low output impedance current-to-voltage 
converter. Choosing the feedback resistor (Rr) equal to 5 kQ makes the 
weight of the MSB equal to 5.00 V, the next bit equal to 2.50 V, the next — 
bit 1.25 V, and so on to the LSB. If Rr were 5.12 kQ, the weight of the 
bits starting at the MSB would be 5.12 V, 2.56 V, 1.28 V, etc. The 
voltage switches can be FETs or bipolar transistors connected to form 
single-pole double-throw switches. The resistor network requires only 
one resistor per bit, but the resistors have a wide range of values, making 
temperature coefficient matching difficult. 

A disadvantage of the circuit shown in Fig. 9.6 is the wide range of 
resistance values required. The commonly used R, 2R ladder network of 
Fig. 9.7 overcomes the wide resistance range disadvantages at the expense 
of two resistors per bit. Also, the absolute accuracy of the resistors in 
the R, 2R ladder is not critical, but their ratio is, because the ladder is a 
precision current splitting device. To understand the operation of this 
circuit we may consider the weight of the different bits one at a time and 
then apply superposition. With the MSB turned to ON and all other 
bits turned to OFF, current I, flows out of node 1. Because the resistance 
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from node | to ground is 2R looking to the left and also 2R looking to the 
right, the current I, will split equally to the left and to the right. This 
holds true at any node since the resistance looking to the left, to the 
right, or toward the switch is always 2R. Considering node 1 as part 
of a voltage divider as shown in Fig. 9.8a, the voltage at node 1 will be 
Ve/3. The gain of the operational amplifier from node 1 is —3R/2R; 
therefore, the weight of the MSB is E, = (Vr/3)(—34) = —Vr/2. 
When the second bit is turned to ON and all other bits are turned to OFF, 
the voltage at node 2 will also be VzR/3. The equivalent circuit from 
node 2 looking to the right (Fig. 9.8b) shows that the voltage at node 1 
will be one-half the voltage at node 2, or VrR/6. Using the gain of the 
operational amplifier, the second bit gives E, = —VR/4. Using this same 
procedure for the third bit gives E, = —Vpr/8, and so on to the LSB 
which gives Eo = —VpR/2". Many other resistor network schemes exist, 
but all have the same purpose: to produce binary-weighted currents or 
voltages that can be switched to ON or OFF in accordance with a digital 
Input word. 


9.2.2 Sources of error Most of the sources of error (such as the finite 
ON resistance and the voltage and current offsets of the ladder switches) 
can be compensated at room temperature, so that drift with temperature 
becomes the major concern. To obtain a drift coefficient for a D/A 
converter of the order of 10 to 20 ppm/°C requires a very stable reference 
supply voltage and ladder and feedback resistors with either low tem- 
perature coefficients or else well-matched temperature coefficients. The 
errors caused by the operational amplifier are due mainly to the voltage 
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Fig. 9.8 Equivalent circuits: (a) voltage at node, with switch SW; at 
ON;; (b) voltage at node, with SW2 at ON. 


drift and the offset current drift. Figure 9.9 shows the equivalent circuit 
of an amplifier used ina D/A converter. Rxgq is the equivalent resistance 
seen by the amplifier looking back into the ladder network. For example, 
the resistance looking back into the ladder network of Fig. 9.7 is 3R. 
Iz, and Iz, are the bias currents of the — and + inputs, respectively. <A 
resistor R, equal to the parallel combination of Rr and Ree is connected 
from the + input to ground to minimize the offset caused by the bias 
currents. The output voltage error is produced by the offset current 


Fig. 9.9 Errors caused by the 
bias current and offset voltage 
of the operational amplifier. 
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(Ip, — Is,) and the voltage offset, 
Co = Rr(Iz, an Iz.) + Vos(1 + Rr/Req) 


These two errors are independent of the digital input word and can be 
nulled at room temperature, but their effects at other temperatures must 
be considered. The closed-loop gain error due to the operational 
amplifier in a D/A converter of 12 bits or less can be neglected when the 
open-loop gain is 80 dB or greater. Since a change in the digital input 
causes a step change in input current to the operational amplifier, the 
step response of the amplifier is important. The slew rate and settling 
time of the amplifier are of prime importance in high-speed D/A con- 
verters. In many designs, large resistance values are used in the resistive 
input network in order to minimize the errors caused by the ON resistance 
of the switches. In order to maintain a full-scale output of at least 10 V, 
the feedback resistor must also be large. Circuit capacitances will, 
therefore, affect the speed of the D/A converter. Also, some operational 
amplifiers may tend to oscillate if the feedback resistor is too large, and 
special compensation will then be needed. 


9.2.3 Bipolar operation So far, only unipolar D/A converters have 
been discussed. Bipolar D/A converters require both positive and nega- 
tive reference voltages. To represent negative numbers, the sign- 
magnitude method would seem to be the most logical approach. With 
this method, the reference voltage polarity is selected in accordance with 
the sign bit of the digital word. This approach, however, is not the 
most convenient since the switch that selects the reference supplies must 
have extremely low impedance. A more commonly used method pro- 
duces the offset binary code by supplying a constant offset current to the 
— input of the operational amplifier as shown in Fig. 9.10. This current 


Fig. 9.10 Bipolar D/A converter with offset binary code. 
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is adjusted to be equal to the current of the MSB. Whether or not the 
MSB is turned to ON determines the sign of the output; therefore it is 
called the sign bit. The offset binary code is the same as the two’s 
complement code except that the sign bit is reversed. Since the digital 
inputs to a D/A converter often come from a storage register, the sign bit 
can be connected to the opposite output of the storage register flipflop, 
thus making the necessary conversion from the two’s complement code to 
the offset binary code. Using the same approach in Fig. 9.10, a D/A 
converter can be changed to the one’s complement code by decreasing the 
weight of the offset current and the weight of the sign bit by the weight of 
the LSB. The one’s complement or the two’s complement codes can be 
implemented directly without having to reverse the sign bit, if the 
opposite reference voltage is connected to the switch of the sign bit only. 
This eliminates the need for R,, but complicates the design of the switch 
for the sign bit. When these last two methods are used to obtain bipolar 
operation, the full-scale output will be halved. To keep the original full- 
scale output, the feedback resistor must be doubled. In a high-speed 
D/A converter, doubling the feedback resistor can slow down the response 
of the operational amplifier. Doubling the feedback resistor also makes 
the resolution of an n-bit (including sign bit) converter half that of an 
n-bit unipolar converter. | 


9.2.4 Multiplying D/A converter A multiplying D/A converter 
(MDAC) has two inputs: one an analog voltage and the other a digital 
word. The analog output is the product of the two inputs. Any D/A 
converter is a special case of the MDAC since the reference supply is a 
fixed analog input. If the reference supply is made to follow an analog 
input restricted between the range of Vz and 0 V, then a unipolar D/A 
converter becomes a one-quadrant MDAC. Since an operational 
amplifier has low output impedance, it can be used to drive the reference 
supply input. The accuracy of the MDAC will be determined mainly by 
errors introduced by the switches in the resistor network (assuming no 
errors are introduced by the amplifier driving the reference voltage line) 
since the current through the switches will vary from the full-scale value 
to zero. — 

Two methods for building a two-quadrant MDAC exist. The first 
method uses a bipolar D/A converter which employs a unipolar analog 
input and a bipolar digital input code. The second method uses a uni- 
polar D/A converter which will accept a bipolar analog input and a 
unipolar digital input code. The method chosen will depend upon which 
of the two inputs is bipolar. The second method requires switches that 
will operate with bipolar currents; however, the first method requires an 
additional unity-gain inverting operational amplifier to produce the 
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opposite reference voltage. When both of these methods are combined a 
four-quadrant MDAC is the result. 


9.3 Analog-to-Digital Converters* © 


The analog-to-digital (A/D) converter translates the language of the 
analog world into the language of the digital world. The analog signal is 
presented to the input of the A/D converter and after a finite amount of 
conversion time the digital output is available for use by a digital com- 
puter. Several methods of converting analog data to digital data exist. 
Only two basic techniques will be discussed here: first, A/D converters 
that use parallel entry D/A converters in their feedback loop and, second, 
the dual-slope integrator type. 


9.3.1 A/D converters that use a D/A converter At least three types 
of A/D converters use a parallel entry D/A converter in their feedback 
loop. The three types are the counter ramp (or precision-ramp compara- 
tor), the continuous counter ramp (the up-down counter, also called the 
servo), and the successive approximation. These types are shown in 
Figs. 9.11, 9.12, and 9.13, respectively. All three have several features in 
common in addition to the D/A converter. The comparator which is 
identical in each of the three converters compares the magnitude of the 
analog input current against the magnitude of the current provided by 
the D/A converter. The comparator output and the clock input control 
the operation of the digital logic. The outputs of the digital logic section 
control the switches of the D/A converter, as well as being the binary out- 
put lines of the A/D converter. Whenever any of the outputs of the 
digital logic are at a logical 1, the corresponding bit in the D/A converter 
will be turned to ON. The purpose of the digital logic is to turn to ON 
the proper bits of the D/A converter so that the current i; is equal to the 
current i; (see Fig. 9.11). The equation for the currents at the summing 
junction of the comparator is ig = i; — i3, where i; = e1/Rin. When iis 
greater than zero, the comparator output will be LOW (—0.6 V). This 
means that the digital word is low in magnitude since i; is less than 11. 
Likewise, when iz is less than zero, the comparator output will be HIGH 
(15 V) which says that the digital word is too large. The three types of 
converters differ in the methods used in the digital logic section to find 
the digital word that will make i; equal to i;. In reality, is may never 
equal i; exactly, since i; exists in 2” discrete steps, each step being equal 
to the weight of the LSB. For this reason A/D converters have a built-in 
uncertainty of at least +14 LSB. 

The A/D converters shown in Figs. 9.11 to 9.13 accept unipolar inputs; 
however, they will also operate with bipolar input when an offset current 
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equal to the weight of the MSB 1s injected into the summing junction 
of the comparator. The MSB will then be the sign bit. See Sec. 9.2.3 
for more information. In the following parts of this section we will 
consider the three types of A/D converters that use a D/A converter in 
more detail. 


9.3.2 The counter ramp A/D converter ‘The first of the three types of 
A/D converters using a D/A converter that we will consider is the counter 
ramp A/D converter shown in Fig. 9.11. The digital logic portion of 
this converter is a resettable binary counter. The CONVERT command 
resets the counter to zero. At the beginning of the conversion period, 
i, will be greater than i3, making ie positive and the output of the com- 
parator LOW. The NAND gate will allow the clock pulses to advance 
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Fig. 9.11 Counter ramp A/D converter. 
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the counter. The current i; will increase in a staircase fashion, until 
i3 becomes greater than i1, the comparator output will go to HIGH, and 
the NAND gate will inhibit the clock pulses, thus stopping the counter. 

The acquisition time of the ramp converter will depend on the magni- 
tude of the analog input and on the clock frequency. Since the D/A 
converter output changes by the weight of the LSB each time the clock 
makes a positive transition, the slew rate of the converter will be 
LSB/(1/f.), where f, is the clock frequency expressed in hertz and the 
LSB is expressed in volts. For example, the LSB of a 10-bit converter 
with a full-scale input of 10.230 V is 10 mV. When the clock frequency 
is 1 MHz, the slew rate of the converter is (10 mV)(1 X 10° Hz) or 
10 mV/us. For a full-scale input at 10.230 V, the converter would take 
(10.230 V)/(0.01 V/us) = 1,023 us to count from the binary word of 
0000000000 to 1111111111. 

The logic for a counter ramp converter is straightforward, but the 
conversion time is long since the binary counter must always start at 
zero at the beginning of the conversion. The converter described in the 
next section overcomes some of the disadvantages of the counter ramp 
converter at the expense of increased complexity in the digital logic 
circuitry. 

The basic accuracy of this type of converter is determined by the 
voltage offset and bias current of the operational amplifier performing the 
comparator function. 


9.3.3 The continuous counter ramp A/D converter ‘The second of the 
three types of A/D converters using a D/A converter that we shall 
consider here is the continuous counter ramp A/D converter shown in 
Fig. 9.12. The continuous counter ramp or servo A/D converter con- 
tains a reversible up-down binary counter. When the output of the 
comparator is LOW (this says that 13 < i,), the counter counts up so as to 
increase is. When the comparator output becomes HIGH (i3 > 1,), the 
counter will reverse and count down. This type of converter is always 
seeking a null; hence its principle of operation is the same as a servo 
system. The servo A/D converter can follow a continuously changing 
input signal provided that the rate of change of the input signal does not 
exceed the slew rate of the converter. The slew rate of this type of 
converter is the same as for the counter ramp. For small step changes 
in the input signal the servo converter is fast since it does not need to be 
reset to zero before each conversion. In fact, this type of converter has 
no need for a START CONVERTING command since it converts 
continuously. A unique feature of the servo A/D converter results 
because i; changes in discrete steps. The digital output will oscillate by 
the weight of the LSB as soon as the converter acquires the input signal. 
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Fig. 9.12 A/D converters with up-down binary counter. 


This is analogous to a servo motor “hunting for a null” because of the 
finite resolution of the wire-wound feedback potentiometer. The 
increased complexity of the digital logic in a servo A/D converter is not 
a major disadvantage, because of the availability of integrated-circuit 
up-down counters. When conversion time is at a premium, neither the 
servo converter nor the counter ramp method is recommended, especially 
if the input signal comes from a multiplexer. This is because of the large 
step changes. when switching from one channel to another channel and 
the consequently long conversion time. 


9.3.4 Successive approximation A/D converter The last of the three 
types of A/D converters using a D/A converter that we shall consider 
here is the successive approximation A/D converter shown in Fig. 9.13. 
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Fig. 9.13 Successive approximation A/D converter. 


The n-bit successive approximation A/D converter requires n clock 
periods to complete a conversion, regardless of the magnitude of the 
input signal. For general-purpose applications, the successive approxi- 
mation approach is considerably faster than the previous two methods, 
but the digital logic is also more complex. The conversion process is 
not continuous, as for the servo converter, but begins with a CONVERT 
pulse and ends n clock periods later when the digital output is valid. 
The input signal must remain constant during the conversion process 
or the digital output at the end of the conversion period may not be 
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valid. Therefore, it is common practice to precede the A/D converter 
with a sample-hold circuit. 

The converter in Fig. 9.13 requires a CONVERT pulse which resets 
the flipflops of the shift register and all the flipflops driving the D/A 
switches to 0 except for flipflop F, which is set to 1. A 1 is also shifted 
into flipflop Fi: of the shift register. The MSB is now turned to ON, 
causing the comparator output to go to LOW if i; is greater than half- 
scale or to HIGH if 11 is less than half-scale. Three events happen at 
the next negative-going clock: the 1 will be left in flipflop F; if the com- 
parator output is LOW or flipflop F, will be reset to 0 if the comparator 
output is HIGH, flipflop F.2 is set to a 1, and a 1 is shifted into flipflop Fes. 
Again, on the next negative-going clock, F. will remain a 1 or be reset 
to 0, depending upon the comparator output, F3 is set to a 1, and a 1 is 
shifted into F33. This process continues until the 1 in F, is either removed 
or left alone. The conversion is now complete and the digital output is 
accurate to +44 LSB. 

The maximum speed of operation for the three converter designs 
discussed thus far will depend primarily upon the time required for the 
comparator to change levels, plus the time required for switching tran- 
sients to settle out. This is true because the digital logic and the D/A 
converter will usually be much faster than the comparator. The voltage 
and current offsets of the comparator will affect the comparison point 
and thus the accuracy of the A/D converter. (Section 9.6 gives a com- 
plete description of comparators.) Errors that are introduced by the 
D/A converter portion of the A/D converter are caused by drift with. 
time and temperature in the reference voltage, the switch offsets, and 
the resistor network. 


9.3.5 Dual-slope integrator A/D converter The three A/D converters 
discussed in Secs. 9.3.2 to 9.3.4 are all characterized by requiring the use 
of a D/A converter. In the following paragraphs we shall discuss a 
different type of A/D converter, the dual-slope integrator A/D converter. 
Figure 9.14a shows the block diagram of a dual-slope integrator A/D 
converter. ‘The essential parts of the converter are the integrator, the 
zero-crossing comparator, the reference voltage, and the digital logic. 
This converter is restricted to negative input voltages. 

When the converter receives the RESET pulse, the flipflops of the 
binary counter are reset to0. A 0 input to the switch drive circuit opens 
S. and closes 8;, connecting the input to the integrator. As soon as the 
integrator output crosses zero the comparator output will go to LOW, 
allowing clock pulses through the NAND gate to the counter. During 
time interval T,; the counter counts up to 01111.....1, and on the next 
clock pulse the counter will switch to 10000.....0. The 1 in the last 
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Fig. 9.14 Dual-slope integrator A/D converter. (a) Block diagram; (b) timing 
diagram. 


348 APPLICATION 


flipflop causes the switch drive to open 8; and close Se. This connects 
the reference voltage which causes the integrator to integrate down. 
When its output crosses zero the comparator output will go to HIGH, 
inhibiting clock pulses to the counter. This completes the conversion 
and the digital output is now valid. The applicable equations are 


. 1 Ti 
Ae. = — RG , e, dt = —e,T/RC ee, < 0 
: ye VaT> VrT»2 
Ae, = == Vedt = » —e,T1/RC = ——— 
“° RC [ : RG | RC 
or 
le:|Ts 
T, = — 
2 Ve 


Thus, the counter actually measures the interval T, which is proportional 
toe, The voltage e; is assumed constant during the measurement inter- 
val. Ife, varies, the digital output represents its average value over the 
interval T;. This type of converter has the advantage that the tolerances 
of R and C do not affect its accuracy. Long-term aging of clock fre- 
quency also does not affect the accuracy. The voltage and current 
offsets of the comparator will cause the comparator to switch at a voltage 
different from 0 V, but this error is automatically compensated, since its 
input signal crosses zero twice. The voltage and current offsets of the 
integrator, unfortunately, are not compensated and will limit the accu- 
racy. Drift in the reference voltage will also degrade the achievable 
accuracy. 
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Fig. 9.15 Input-output waveforms of a sample-hold module. 
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9.4 Sample-hold Modules?:+> 


A sample-hold module is a device that tracks an input signal and then 
holds the instantaneous input value upon command by a logic control 
signal, as illustrated in Fig. 9.15. Sample-hold modules are often used 
with measuring devices that cannot tolerate a time-varying input signal, 
such as some types of analog-to-digital converters. Other applications 
are analog delay, phase sensing, period measurement, and measurement 
of short-term parameter stability. 


9.4.1 Sample-hold fundamentals The simplest sample-hold circuit is 
the switch and capacitor of Fig. 9.16. Two important specifications 
can be easily illustrated by using the basic circuit of Fig. 9.16. These 
specifications are aperture time and acquisition time. 


Fig. 9.16 Basic sample-hold 


C 
circuit. | 


Aperture time is the delay (reaction time) between the time the control 
logic tells switch SW, to open and the time this actually happens. When 
very long (milliseconds) aperture time can be tolerated, SW; can be a 
relay. With FET or bipolar transistor switches aperture times of less 
than 100 ns are feasible. Figure 9.17 illustrates the holding error caused 
by aperture time. 

In time-varying systems the input signal to a sample-hold changes while 
the sample-hold is holding a value, and so the time required for the 
sample-hold to acquire the new value of input signal (to within a stated 
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Fig. 9.17. Aperture-time error. 
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accuracy) when the sample-hold is switched from HOLD to SAMPLE, is 
important. This is the acquisition time. The worst case occurs when 
‘the output of the sample-hold must change full scale, for example, from 
—10 to +10 V or from +10 to —10 V. If a circuit like the one in 
Fig. 9.16 is used, acquisition time will depend upon the driving source 
and the available charging current C de,/dt < Imax, the maximum cur- 
rent available from the signal source. If e; has a source impedance (R;), 
then e, will change exponentially with the time constant 7 = R,C. For 
e, to settle to within 0.01 percent of the input will require approximately 
9R,C (seconds). If e; is the output of an operational amplifier, the 
acquisition time will be determined by the output current capability, 
the slew rate, and the settling time of the operational amplifier. Since 
a sample-hold is a combination of switching circuits and analog circuits, 
switching spikes will occur because of the interelectrode capacitance of 
switches and stray capacitance. In some systems, switching spikes can 
be disastrous, especially in servo or display systems where the load is 
inductive. When a sample-hold module switches into HOLD, a small 
amount of charge is transferred from the holding capacitor, because of the 
interelectrode capacitance of the switch. The voltage change associated 
with this charge offset is known as the sample-to-hold offset error. Dur- 
ing the HOLD mode a small portion of the input signal feeds through 
the capacitance of the switch to the output. This feedthrough increases 
with increasing input frequency, but the effect can be decreased by mak- 
ing C larger. When a sample-hold is in the HOLD mode, leakage cur- 
rents will cause the output voltage to drift at a rate of 


AL _ Vicakage ( volts ) 
At Cc second 


These leakage currents can be the bias current of an operational amplifier, 
the OFF leakage current of a switch, or the internal leakage of the holding 
capacitor. If the operational amplifier has an FET input stage and the 
switch is an FET device, the leakage current (and therefore the drift) will 
double for every +10°C rise in temperature. 

As the temperature deviates from 25°C, the input offset of such an 
amplifier will drift, causing an output offset during the SAMPLE mode. 
The gain accuracy in SAMPLE mode may also change with temperature. 


9.4.2 Sample-hold circuit There are two types of sample-hold circuits, 
namely, inverting and noninverting. The inverting sample-hold circuit 
of Fig. 9.18 shows a simple sample-hold circuit that responds to step 
inputs with the time constant 7 = RC. When e;j is a step input (this 
occurs, effectively, when switch SW; is closed), C is charged toe. = —€j. 
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Fig. 9.18 Sample-hold circuit. 


During the time switch SW; is open, the time-varying input signal has 
changed to another value, e;. Therefore when switch SW; is closed, eo 
will proceed to the new value of input according to the equation 


—@ = —ei + (e; — €;)(1 — en t/BC) 


Switch SW; can be a relay, FET, or diode bridge switch. The acquisition 
time of the circuit in Fig. 9.18 can be speeded up considerably by using a 
switch which has current gain as shown in Fig. 9.19. Analysis of this 
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circuit shows that its performance is governed by the following equations: 


iy — 13 = le 


bie 
‘“" R 
Len 
7 R 
Co = C i Bis dt 
and so 
E,(s)C 
I3(s) = = : 
For a step function input, 
Ki(s) = 2 
S 


e(t) = —E( — e #t/RC) 


Since the amplifier and the current switch can deliver only a finite cur- 
rent, following a step input, eo will slew at a rate de,(t)/dt = I/C, where 
I is the maximum current that the switch will deliver. (The amplifier 
must also be able to supply this current, plus the current i, and any load 
current to Ry.) The slew continues until the current through C drops 
below the maximum current that the current-gain switch will deliver. 
Then e, will settle exponentially, with time constant RC/é. The current- 
gain switch will have nonzero voltage offset and input bias current. 
These effects can be compensated by summing a small current into the 
input of the current switch. The inverting sample-hold has the advan- 
tage that it has very low output impedance and therefore can drive loads 
without affecting the decay in the HOLD mode. The disadvantage is 
that the input impedance is fairly low, being equal to R. 

As an example of a noninverting sample-hold device, consider the 
circuit shown in Fig. 9.20. This circuit has very high input impedance 
and has an acquisition time determined by the time constant RonC, 


Fig. 9.20 Single-operational- 
amplifier noninverting sample- 
hold. 
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Fig. 9.21 Noninverting two-operational-amplifier 
sample-hold. 


provided C de./dt < Imax, where Ron is the ON resistance of the FET 
switch and where Ina, is the maximum current the amplifier will deliver 
or the Ings current of the FET (whichever is smaller). This circuit has 
the disadvantage that the output cannot be loaded if small decay in 
HOLD is required. An extension of this circuit will provide output 
buffering and will eliminate the RonC time-constant limitation. Such a 
circuit is shown in Fig. 9.21. Placing switch SW, inside the feedback 
loop enables A, to deliver its maximum current through SW, until C is 
fully charged. In the HOLD mode, switch SW; is opened and SW; is 
closed. Switch SW, provides feedback for A;. This noninverting sam- 
ple-hold has the advantage that the input impedance is very high. The 
gain accuracy of this circuit is determined by the open-loop gain linearity 
and CMR of A;. For open-loop gain and CMR in excess of 80 dB, the 
closed-loop gain error may be less than 0.01 percent. 


9.5 Peak Detectors!®!’ 


A peak detector is a special kind of sample-hold circuit. The input 
signal is tracked until the input reaches a maximum value and then 
the peak detector automatically holds the peak value. For a noninvert- 
ing unity-gain peak detector designed to detect positive-value peaks, the 
output and input waveforms are expressed graphically, as shown in Fig. 
9.22. 

Peak detectors can save considerable expense, especially if the only 
alternative is to combine an analog-to-digital converter and a digital 
computer to find peak values. Typical applications of peak detectors 
include transient waveform analysis and repetitive waveform analysis. 
Two specific applications include the output waveform analysis of gas 
chromatographs and mass spectrometers. 


9.5.1 Design considerations The simplest peak detector circuit is the 
diode and capacitor circuit shown in Fig. 9.23. In the PEAK DETECT 
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Fig. 9.22 Input and output waveforms of a peak detector. 


mode, switch SW; is closed and SW2 is open. Diode D, allows current 
to flow in one direction only to charge the holding capacitor, C;. When 
e; becomes less than e, (ignoring the drop across D,), D; becomes reverse- 
biased, and C, holds the peak value. To reset the circuit (RESET mode), 
switch SW, is opened and SW; is closed. A third mode of operation, the 
HOLD mode, is desirable in some applications. Both SW: and SW. 
are opened so that Ci holds the ‘‘desired” peak value while ignoring other 
larger value inputs. Because of the leakage current Ig of Di the voltage 
stored on C, will decay at a rate given by Aeo/At = Ia teakage/Ci(volts/ 
second), when switch SW, is closed. Any shunt impedance loading 
C, causes an exponential decay of time constant r = RicaaCi. Another 
output, often useful, tells the status of the peak detector. The status 
output is a bilevel digital signal which changes state at the precise time 
that D; stops conducting. 

The circuit shown in Fig. 9.23 has several drawbacks. For precision 
measurements, the nonlinear drop across D, is difficult to compensate, — 
especially if the accuracy of the detector is to be independent of tempera- 
ture variations and the frequency and amplitude response of the input 


D, : 


iN 0 
SW, } | | | 
SWo 
Cy Fig. 9.23 Basic peak detector 
| circuit. 


signal. When the circuit of Fig. 9.23 is enclosed inside the feedback loop 
of an operational amplifier, the disadvantages of the basic circuit are 
largely eliminated. However, certain precautions must be observed when 
using operational amplifiers. A peak detector circuit must be either 
critically damped or overdamped, because any overshoot in the step 
response will be held as the peak value. Eliminating overshoot can be 
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difficult in circuits where two or more operational amplifiers are enclosed 
inside the same feedback loop. Also, the amplifiers must be stable when 
driving a capacitive load. Precautions must be taken to prevent the 
operational amplifiers from overloading after a peak is detected, since 
the feedback loop is broken when D, becomes reverse-biased. 


9.5.2 Noninverting peak detector circuits Some of the simplest imple- 
mentations of the basic peak detector circuits used in Sec. 9.5.1 are the 
peak detector circuits illustrated in Figs. 9.24 and 9.25. These are 
connected as unity-gain noninverting followers. First let us consider 
the single-amplifier circuit shown in Fig. 9.24. Since Dy, is inside the 
feedback loop, its forward voltage drop is divided by the open-loop gain 
of the operational amplifier and can be expressed as an equivalent offset 
In series with the input of an ideal peak detector. A, serves two other 
useful purposes. The input signal source needs to supply only the input 
bias current of A;. The output rise time is not determined by the time 
constant of the ON resistance of D; times C, but is dependent only on 
the output current capability Ina of Ai. The output slew rate is given 
by Ae./At = Imax/Ci(volts/second), provided this is not larger than the 
specified maximum slew rate of A;. Dz is necessary to prevent Ai from 
overloading at negative saturation voltage when H; is less than Eo. 
Dez, however, must withstand the short-circuit current of A;. A, should 
be an FET input amplifier to minimize the decay rate after detecting a 
peak since the input bias current of the inverting input will discharge 
C,. Also, the input stage of the amplifier will not conduct when Ej; 
is less than E,. If the output is to be loaded, an output buffer amplifier 
is required to prevent the load from discharging C. 

The two-amplifier circuit of Fig. 9.25 overcomes the problems of 
the single-amplifier circuit. A, never locks up, and the output buffer 
amplifier A» is part of the circuit. The operation of this circuit is prac- 
tically the same as the first circuit. In the two-amplifier circuit, however, 
A» operates as a unity-gain follower inside the overall feedback loop. 
When e; becomes less than e., Dz conducts, supplying feedback for Ax. 
This prevents A; from overloading. Capacitor C; is required to stabilize 
the loop and prevent overshoot for a step input signal. In both circuits 
A, must be stable while driving the capacitive load C1, and A; must have 


Fig. 9.24 Single-operational- 
amplifier peak detector circuit. 
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Fig. 9.25 Improved circuit with 
two operational amplifiers. 
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good CMR. In the improved circuit, A; need not be an FET input 
amplifier, but A, should have an FET input if long holding times with 
small decay are required. 


9.5.3 Inverting peak detector circuits In Sec. 9.5.2 we considered peak 
detector circuits which were noninverting. In this section we consider 
ones which are inverting. Two such circuits are shown in Figs. 9.26 and 
9.27. Although the peak detecting circuit of Fig. 9.26 takes three opera- 
tional amplifiers, closed-loop stability is easier to obtain than in the 
noninverting circuits since A, is connected as an integrator and does not 


CF 
dt 
| Ry | 


Fig. 9.26 Three-operational-amplifier peak detector. 
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Fig. 9.27. Detector circuit of Fig. 9.26 reduced to two operational 
amplifiers. 


have to drive a capacitive load to ground. Diode Dy, ensures that C, 
can be charged in one polarity only. When tracking the input signal, 
the output signal is the negative of the input, that is, e. = —e;(R:/Ri). 
Usually one makes Rt = Rj for unity-gain operation. The input imped- 
ance to this circuit is R;, which requires that the input signal source 
impedance be small. De provides feedback for A, after a peak is detected. 
As3 is connected as a unity-gain inverter to provide the proper phase 
relationship from input to output, and C; stabilizes the loop. The 
voltage e, = +ei(R:/Ri) is available at the output of Aj. 

The three-operational-amplifier circuit of Fig. 9.26 can be reduced to 
the two-amplifier circuit shown in Fig. 9.27 without sacrificing any 
flexibility. The required inversion from input to output is maintained 
by making the + input of A; the input summing junction. Since the 
summing junctions of each of the operational amplifiers in Figs. 9.26 and 
9.27 are at virtual ground when in PEAK DETECT mode, the CMR of 
the amplifiers is not important. It should be noted that both of the 
inverting peak detector circuits described above provide output isolation 
between the holding capacitor and an output load. 

Any of the positive peak detector circuits shown can be converted to 
detect negative input peaks by simply reversing the direction of the 
diodes. 


9.5.4 RESET and HOLD mode circuits Manual switches like the ones 
shown in Fig. 9.23 can be added to any of the peak detector circuits. 
In the circuits of Figs. 9.26 and 9.27, switch SW2 is placed in parallel 
with Cy. For the RESET mode SW; is opened and switch SW; is closed; 
for the HOLD mode both SW; and SW. are opened. For electronic 
operation switches SW, and SW; can be JFET or MOSFET transistor 
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Fig. 9.28 Fast reset circuit for inverting-type peak detectors. 


switches. If fast resetting is needed, C; and the ON resistance of SW. 
must be as small as practical. Another method of implementing the 
HOLD mode is to place a switch in series with the input signal to ‘“‘gate”’ 
it to OFF. When only the PEAK DETECT and RESET modes are 
needed, switch SW, can be eliminated if SW. has very low impedance 
such as that of relay contacts. Figure 9.28 shows a very fast method for 
resetting the inverting-type peak detectors with a current-gain sample- 
hold switch. (See Sec. 9.4.) 

This circuit has the advantage that the switch in series with D, is not 
necessary since the sample-hold switch has very low output impedance. 
To reset Ci to 0 V, Vrrser must be zero. Capacitor C; can be reset to 
+10 V by making Vrrser equal to —10 V so that input peaks can be 
detected over the full —10 to +10 V range. 


9.5.5 Peak-to-peak detector Figure 9.29a shows a method for measur- 
ing the peak-to-peak value of a signal that swings both positive and 
negative in amplitude. If only positive peak detectors are available, the 
circuit can be built using one extra amplifier as shown in Fig. 9.29b. 


9.6 Comparators!*—!" 


Comparators are used as analog/digital (hybrid) building blocks, since 
the digital output signal is simply the answer to the question: Is the 
analog input signal greater than or less than the analog reference signal? 
The input and reference signals can come from voltage or current sources 
or from a combination of the two types of sources. When operational 
amplifiers are used as comparators, there are usually one or more summing 
resistors connected to the inverting input (summing junction) of the 
operational amplifier. One can think of the circuit as comparing currents 
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Fig. 9.29 Peak-to-peak detector circuits: (a) using one positive and one negative 
peak detector; (b) using two positive peak detectors. 


or voltages. In this section we shall consider several types of such 
comparators. 


9.6.1 Zero-crossing detector The simplest comparator is the zero- 
crossing detector which answers the question: Is the input signal greater 
than or less than zero? A typical circuit for such a detector is shown in 
Fig. 9.30. The limit circuit shown in the figure produces one output level 
when i; is positive and a different output level when i; is negative. Since 
the limit circuit changes state when i; changes sign, the comparison point 
occurs when i; = 0 as shown below (assume the summing junction 
potential is zero): 

ly = I, + 13 (9-2) 


I, + 13 (9-3) 


e1 
R 
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Fig. 9.30 Zero-crossing comparator. 


When i; = 0, 
Current comparison: = =j1, = I, (9-4) 
or 
Voltage comparison: e; = ILR (9-5) 


Equations (9-4) and (9-5) show that the comparison point occurs when 
the input current balances the input bias current I,. To eliminate the 
error due to I2, a resistor equal to R can be connected from the + input of 
the operational amplifier to ground. Similarly a comparison-point error 
will occur if the voltage offset of the operational amplifier is not zero, as 
shown below: 


ly — I, + 13 (9-6) 
ey — Vis ° 
=e =I,+4+ 1; (9-7) 
When 1; = 0, 
ey = Vex + ILR (9-8) 


The voltage offset can be adjusted to zero at a specific temperature such 
as +25°C but should be considered at other temperatures because of the 
unavoidable voltage drift. The error caused by the bias current is IR. 
As discussed above, this error can be eliminated by connecting a resistance 
of value R between the + input and ground, provided the bias currents of 
the + and — inputs are equal. If they are not equal, the difference is 
called the differential bias current (current offset), and Eq. (9-8) can still 
be used except I, is now the differential bias current. 

The input impedance of the zero-crossing comparator is R. The 
circuit has the disadvantage that noise on the input signal will cause 1; to 
be ‘‘noisy”’ and therefore e, will ‘‘chatter’’ when i3 is changing sign. A 
solution to this problem will be discussed in Sec. 9.6.4. Many different 
limit circuits can be used with the comparators discussed in this section. 
For a more complete discussion of limiters, see Sec. 7.2. 
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9.6.2 Level detector To make a comparison at some level other than 
0 V, the circuit of Fig. 9.80 can be modified in one of the ways shown in 
Fig. 9.31. In Fig. 9.3la two summing resistors are required, but the 
reference voltage can conveniently be the positive or negative power 
supply, if the supplies are well regulated. The comparison point is 
scaled by the ratio Ri/Re. Voltage offset causes the error shown below. 
When 13 = 0, 


error term 


R R 
e1 = — #2 Vane + Vo (1+) 


Even though R; is used to provide bias current compensation, the differ- 
ential bias current (offset current) will cause an error in the comparison 
point equal to I,,Ri, where I,, is the offset current. 

In Fig. 9.31b only one summing resistor is required, but Vrarr must be 
equal to the desired comparison level. The voltage on the inverting 
input has two major error components: the voltage offset of the amplifier 
and another error voltage resulting from the finite common-mode rejection 
of the operational amplifier. Resistor R is needed at the noninverting 
input if the bias current I, causes a significant error. The circuit of Fig. 
9.32 is another which may be used to make a comparison at some voltage 
or current level other than zero. It operates in the following manner. 
Assume that the limit circuit contains two 6-V zener diodes. When the 
input signal is negative and is approaching zero, the output voltage e, will 
be positive since the currents 1, and i3 are negative. The voltage at the 
two inputs of the operational amplifier will be +6[R3/(R3 + Ra)] V; 
therefore, 1; will not go to zero until the input voltage is also equal to 
+6[R3/(R3 + R4a)] V. The limit circuit then begins changing to the 
opposite state (—6 V) and the voltage on the inputs will become —6[R3/ 
(R3 + R.z)] V. This action is regenerative because of the positive feed- 
back to the + input (inverting), thus increasing the switching speed. 
The switching can be speeded up even more by placing a small capacitor 
(10 to 100 pF) in parallel with Ry. Any noise on the input signal at the 
time this switching occurs will not trigger the circuit to its original state 
unless the noise on the input exceeds —2{6[R3/(R3 + Ra)]} V. Now 
that the input signal is positive no comparator action will occur until the 
input crosses zero again and becomes equal to —6[R3/(R3 + Ra4)] V. 
This transfer function is shown in Fig. 9.32b. 

The summing junction voltage is 
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Fig. 9.31 Two-level detector circuits: (a) summing type; (b) dif- 
ferential type. 
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Fig. 9.32 Zero-crossing detector with hysteresis. (a) Circuit diagram ; 
(b) transfer curve. 


but 
€@o = egy + Vi 
Thus 
R 
egy = t Vi R, (hysteresis) 
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and 


Rs 
o = +\ ea 
ae (1 =) 


If hysteresis is added to the circuits of Fig. 9.31a and b, the hysteresis can 
still be calculated by using the above equations, except that the hysteresis 
will be centered about —(Ri/Re)Vrer in Fig. 9.31a and about Vrer in 
Fig. 9.31b. The disadvantage of using hysteresis is that the comparison 
points do not occur at the zero reference or level. Therefore, a tradeoff 
must be made between the degree of noise immunity required and the 
error at the comparison points. Prefiltering the input signal to reduce 
the input noise may be helpful. In order to have symmetrical comparison 
points about zero, the output voltage limits must be equal in magnitude. 
In some applications the positive and negative limits will not be the same 
magnitude, resulting in asymmetry about the nominal comparison point. 


9.6.3 Window comparator The final type of comparator that we shall 
consider in this section is the window comparator. Figure 9.33 shows the 
circuit diagram and the transfer function for such a comparator. The 
center of the window is set by the negative of the input V2, and the window 
width is twice the input AV. Thus the window can be shifted while main- 
taining constant window width by varying only one voltage (V2). This 
feature is useful for probability studies (see Fig. 9.34) where the window 
width is swept at a constant rate across the analog input range. Sim- 
larly, the window width can be varied by a single voltage, without 
affecting the center of the window. 

The window comparator operates in the following way. When 
e;, + V2 < 0, De of Ai is conducting and D, is reverse-biased. Therefore 
the output of A; does not contribute to the output of A» since the voltage 
at the junction of R/2 and R/4is zero. The limiter circuit of A, changes 
sign when the current ig changes sign, or 


C1 V. AV . 
R’ Rt’ Rp uAP (9-9) 
so that | 
e; = —V, — AV (9-10) 


Equation (9-10) gives the lower comparison point of the window. When 
ei + V2. > 0, D, will be conducting so that the output of A; will be 
—1l6(e1 + V2). Another comparison point will be given by 


€1 Ve AV _ 4 (e1 —+ V2) _ 


= ae Z + 7 ~ RA lg = 0 (9-11) 
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Fig. 9.33 Circuit diagram for a window comparator. 
so that 
e; = —V2+ AV (9-12) 


which is the upper comparison point. 

By adding the appropriate logic gates at the outputs of Ai and As a 
window comparator can be given three logic outputs called the GO, 
HIGH, and LOW outputs. Whenever the input signal is inside the 
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Fig. 9.34 Probability density analyzer. 


window, the GO output will be a logical 1 and the other two outputs will 
be at a logical 0. If the input signal drops to a value below the window, 
the LOW output will switch to a logical 1 and the GO output will drop to a 
logical 0. When the input signal exceeds the window, the HIGH output 
will be at a logical 1 and the other outputs at a logical 0. 

The window comparator is shown in Fig. 9.34 as part of a probability 
density analyzer. The GO output of the window comparator goes to 
HIGH each time the input signal is inside the window. When the clock 
and the GO output are both HIGH, the output of the first NAND goes to 
LOW. Az is a comparator that is used to generate precision voltage 
levels for the RC averaging filter. The 100 kQ potentiometer is adjusted 
to null the offset, since the LOW output of A,isnot0 V. A1zis connected 
as an integrator that sweeps the window center from —10 to +10 V ata 
rate of 1V/s. The window width (2 AV) and the rate the window is swept 
will be a function of the input being analyzed.! 


9.6.4 Amplitude classifier Often it is required to sort items into many 
different bins. An example of this is grading apples into different groups 
according to size. Figure 9.35 shows how a system can be implemented 


Analog/Digital, Digital/Analog, and Sampling Networks 367 


C TO ATTENUATE HIGH-FREQUENCY NOISE 


in 
.— 
H5V 
= e,= i XR, 0 DECODER 
SELECT R,SO THAT 4 
Y THE FULL SCALE rr | 
O-V OUTPUT IS +10V 
Dy | 2.2K | 


PHOTO _=— 


DEVICE QO -15V - 
| Q, | 
198 2, | | 
8 
B 4 SK: aa 
“ | | 


B 
0 
C 
0 
D 
cD 
| 
| 
| 
~ | 
| 
| 
E 
10K ° 
| 2.2k /| 


(a) — Lise see 


Fig. 9.35 Five-level amplitude classifier. (a) Circuit diagram. 
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by using operational amplifiers as comparators. Amplifier A; operates as 
a current-to-voltage converter for the light-sensitive photodiode array 
which is used to detect the size of the apples. Amplifiers Az to As operate 
as biased comparators with a simple clamp circuit. The decoder ensures 
that only one logic output is at HIGH at atime. This decoder can drive 
TTL (transistor-transistor logic) or DTL (diode-transistor logic) directly 
or an n-p-n switching transistor which can control larger currents such as 
the coil current of a relay. Hysteresis can be added to each of the com- 
parators for noise immunity if desired. 
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WAVEFORM GENERATORS 


In this chapter we continue our discussion of the application of operational 
amplifiers by treating the subject of waveform generation. The chapter 
is broken down into several sections according to circuits which may be 
used to generate specific waveforms. Thus, Sec. 10.1 treats square-wave 
generators, Sec. 10.2 treats square-wave and triangle-wave generators, etc. 
Generating nonlinear waveforms such as triangle waves, ramps, saw- 
tooths, square waves, etc., generally requires an integrator, a comparator, 
and a latching (or memory) logic circuit. A generalized block diagram is 
shown in Fig. 10.1. Even though three blocks are shown in the figure, all 
three functions may often be performed using only one or two operational 
amplifiers. Additional operational amplifiers, however, often improve 
the flexibility and generality of the circuit. 


10.1 Square-wave Generators*~* 


In this section we shall discuss circuits which may be used as square-wave 
generators. ‘Three examples of such circuits are considered. These may > 
370 
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INTEGRATOR COMPARATOR LOGIC CIRCUIT 


Fig. 10.1 Block diagram of a nonlinear waveform generator. 


be applied to different special requirements as indicated in the discussion 
of the circuits. | 


10.1.1 Square-wave generator using one operational amplifier The 
circuit shown in Fig. 10.2 forms a simple and inexpensive square-wave 
generator. The output voltage of this circuit is limited by the back-to- 
back zener diodes to either + Vz or — Vz volts as shown in Fig. 10.3. The 
elements Rr and C provide the integrating, or timing, function. The 
operational amplifier serves the function of comparison. The required 
regenerative action comes from feeding the noninverting input of the 
operational amplifier with a fraction of the output voltage. Most 
operational amplifiers are input-protected, and the impedance across the 
amplifier inputs will be very low under the conditions imposed by this 
circuit. The R, resistors maintain a high input impedance across the 
amplifier’s input under all conditions. 

To see how this circuit operates, assume that, in Fig. 10.2, Ri > Rs; and 
Ra, and that 6 = R4/(R3 + R,). Suppose that the previous output 
voltage was negative and that the voltage across the capacitor C has just 
reached —8Vz. When the voltage-e; becomes more negative than —6Vz, 
the operational amplifier will flip from saturation in the negative direction 
to saturation in the positive direction. The operational amplifier will 
stay saturated in the positive direction because the voltage Be, 1s now 


R 


F 


Fig. 10.2 Simple square-wave 
generator. 
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Fig. 10.3 Square-wave generator waveforms. 


positive. Reversal will again occur when e: becomes equal to +6Vz. In 
a typical cycle, if e, = —@Vz at t = 0, then, for the following half-cycle, 


ex(t) = (1+ 6) — eV Rr°)Vz — BVz 
Defining T as the period, we require that 


ik : 

eu (5) = Va — (Ch + Be*V2 = BVs 

Solving for T, we obtain 

1+ 8 

1— 8 

If 6 is chosen to be 0.473, then T = 2RrC and f = 1/2RrC. 
The following comments may be made concerning this circuit: 


T = 2RrC In 


1. It is excellent for fixed-frequency applications in the audio fre- 
quency range. 

2. The frequency may be trimmed by varying Rr. 

3. Frequency stability depends primarily upon the capacitor and 
zener diode stability; even inexpensive operational amplifiers will con- 
tribute very little frequency drift. 
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4. Waveform symmetry in both amplitude and time depends upon the 
symmetry of the back-to-back zener diode voltages. 


In general, the choice of amplifier is not at all critical for frequencies in 
the range from 10 Hz to 10 kHz. The amplifier must have only enough 
output current capability to drive the zeners, the divider network, and 
any external load and to charge the capacitor C. At low frequencies, 
however, the amplifier bias current, input noise level, and input imped- 
. ance become significant and should be considered. At high frequencies, 
the delay time of the amplifier in coming out of saturation becomes signifi- 
cant, particularly if the delay time is unequal for positive and negative 
saturation. In addition, the amplifier slew rate becomes important. 
This circuit can be used for frequencies in the 10 to 100 kHz range only 
if the operational amplifier is chosen very carefully. 


10.1.2 High-performance square-wave generator ‘The performance of 
the circuit shown in Fig. 10.2 can be improved by replacing the resistor 
Rr with a transistor current source circuit. The voltage e; will now be a 
triangle wave, and the waveform symmetry is now adjustable. The 
triangle wave itself may also be used as an output. 

In the circuit shown in Fig. 10.4 the back-to-back zener diodes and 
the resistor Re may be omitted if the amplifier output, when saturated, 
is constant and the positive and negative limits are equal. For example, 
the Burr-Brown 3401 or 3402 are fast FET input amplifiers with excellent — 
saturation characteristics which may be used in such a modified circuit. 


10.1.3 Low-cost version The saturation characteristics of inexpensive 
operational amplifiers are sometimes ill defined. However, if an opera- 
tional amplifier that has reasonably symmetrical and stable saturation 
characteristics is used and if some overshoot and ringing is allowable, 
the back-to-back zeners shown in Fig. 10.2 may be omitted. Although 
this eliminates the cost of the zeners, the operational amplifier cost may 
go up. Thus the circuits of Fig. 10.2 or 10.4 are generally preferred. 
However, in some situations where performance requirements are not 
stringent, the circuit of Fig. 10.5 will serve adequately. 


10.2 Square- and Triangle-wave 
Generators!—5 


In this section we shall discuss circuits which may be used to generate a 
square wave or a triangle wave or both. The circuits which are presented 
include the following: a low-cost single operational-amplifier circuit, a 
general-purpose function generator which will generate other waveforms 
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Fig. 10.4 Improved square-wave generator. 


as well as square and triangle waves, and a diode-bridge triangle-waveform 
generator. 

These circuits may be used to generate square waves, triangle waves, 
or both. Circuits using one, two, and three operational amplifiers are 
discussed. In general, adding operational amplifiers increases the com- 


Fig. 10.5 Simple square-wave 
generator. 
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ponent cost somewhat but provides a better range of operation, higher 
performance, and less dependence upon “‘tweaking”’ of the circuit. 


10.2.1 Square- and triangle-wave generator using one operational 
amplifier Only one operational amplifier and three transistors are 
required in this circuit. This is an excellent, low-cost circuit for labora- 
tory-type use, but the temperature stability is little better than the 
classical two-transistor astable multivibrator. 

The circuit is shown in Fig. 10.6. The function of the transistors is as 
follows: Transistor Qi acts as a comparator and inverter; Q» inverts the 
signal and provides a symmetrical signal output; and Q3 (an emitter 
follower) is used to provide a symmetrical output impedance. The 
operation of the circuit may be understood by noting that the square- 
wave output is fed back to the comparator input (the base of Q:;), thus 
providing positive feedback and hysteresis. This action is analogous to 
a Schmitt trigger circuit. The operational amplifier is connected as an 
integrator and will have a triangle-wave output. Potentiometer P, 
adjusts the frequency of oscillation; Pe adjusts the zero-crossing point 
of the comparator (which in turn varies the amplitude symmetry of the 
triangle wave), and P; adjusts the time symmetry of the triangle wave. 
The output amplitude of the square wave is adjusted by Ps. Ps provides 
extra control over frequency and triangle-wave amplitude. 


10.2.2 General-purpose function generator In the above paragraphs 
we discussed a circuit which had the capability of generating square and 
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Fig. 10.6 Square- and triangle-wave generator. 
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Fig. 10.7. Square- and triangle-wave generator. 


triangle waves. Sometimes, however, more complex waveforms are 
needed. Sawtooths, triangle waves, pulse trains, ramps, and almost 
any other waveform of interest can be generated by circuits which 
use only a few operational amplifiers. Also, many of these circuits have 
several outputs available. An example of such a circuit is shown in 
Fig. 10.7. It can be used to generate simultaneously a triangle and 
square wave or to generate pulse trains. The circuit contains three 
operational amplifiers. Amplifier A; is an integrator that derives its 
input from the output of the comparator circuit Az and A;. The integra- 
tor input will be BVp or —BVy. An important feature of this circuit is 
the positive feedback around the Az, A; combination. The regenerative 
action provides rapidly uniform switching even though the oscillation 
frequency may be changing. 


To see how this circuit operates, assume e; = —(R2/Rs)Vp at t = 0 
and the circuit is just switching to a positive-going ramp out of e;. Then, 
BVyn Re 
ei(t) = — t—-— V 0<t<Ti 
i(t) RAC, Rv? 1 


where T, is the time at which the comparator switches. Evaluating the 
above equation at t = T, we observe that 


Re BYVn Re 
se Viet Tes 
aes Ric: > Rs - 

R, RiC; 

T, = R (Vn — Ve) BV 


At t = T,, when the comparator switches, the integrator output becomes 
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a negative-goingramp. The next switching occurs ate; = —(Re/R3) Vp. 
If we call this time Tz. we may derive 


R> —BVp Re 
ste Ng 22 
Re = Race” “Re 
Ro RC, 
Pee OV ey, 
2 R, ‘ Pp Nn) BVe 


This completes a full cycle, and so the period Tis T; + Ts. Substituting 
from the above relations for T; and T2, we obtain 


Re RiC, (= — Vp . Vp — vs) 
T=— ee 
R3s £6 Vn as Vp 
Re RiCy ( Vp *) 
T=— 2-— - — 
Rs; £6 Vn Vp 


Many special circuits may be derived from this general relationship. 
Two examples follow: | 

1. Square- and Triangle-wave Generator. The general circuit 
described above and shown in Fig. 10.7 may be used to realize a square- 


and triangle-wave generator. To see this, let Re = R3 and Vp = — Vy. 
Then, 
4 
T = Ri 
B 
{, = E 
4ARiC, 


where f, is the frequency of oscillation. As an application of these results, 
consider the circuit shown in Fig. 10.8. In addition to the basic circuit 
configuration shown in Fig. 10.7 this circuit includes a sine function shap- 
ing circuit (Burr-Brown 4118/25 Sin-Cos function generator) which uses 
the triangle wave generated by the basic circuit as an input. The result 
is a very good ultra-low-frequency sine wave. In addition, if voltage- 
controlled frequency is desired, the potentiometer is simply replaced by a 
multiplier. Then 6 may be made a function of an input control voltage. 

2. Sawtooth Generator. The general circuit shown in Fig. 10.7 may 
also be used to realize a sawtooth wave generator of excellent linearity. 
The detailed circuit for achieving this is shown in Fig. 10.9. A diode and 
resistor are added so that the retrace may be very rapid. This circuit 
is also an excellent pulse generator. To see how this circuit operates, 
note that with the output of amplifier A; limited to +10 V, the ramp time 
(positive going) will be T; = 2RiC,. Allowing 0.7 V for the drop across 
diode CR, the reset time T, will be T2 = 2.15R,C;. If Ra « Ri, then 
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Fig. 10.8 Low-frequency function generator. 
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Fig. 10.9 Ramp generator. 
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Te. << T,;. The only limit on reset time T2 is the output current rating of 
A, and A3, and so very fast resetting is possible. 


10.2.3 Diode-bridge triangle-wave generator A_ final circuit for 
generating a triangle wave is shown in Fig. 10.10. It is referred to as a 
diode-bridge triangle-wave generator. This circuit does not have quite 
the high-frequency capability of the three-operational-amplifier triangle 
generator, but it is somewhat more economical and is an excellent circuit 
for many applications. For best results, the diodes in the bridges should 
all be of the same type. Potentiometer P; adjusts the amplitude of the 
triangle wave. This also affects the frequency. 

In analyzing this circuit it should be noted that the diode bridges act as 
current gates; when e; is positive, De and Ds, are blocking and current 
flows through both D,’s into the summing junctions. The voltage wave- 
forms at e; and e,, assuming all diode drops to be 0.6 V, are shown in 
Fig. 10.11. Typical circuit values for the components shown in Fig. 10.10 
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Fig. 10.10 Triangle-wave generator using diode bridges. 
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Fig. 10.11 Triangle generator waveforms. 


would be Re = 10 kQ, Ri = 5 kQ, R3 = 100 kQ, C; = 0.1 wF. These 
values will provide a triangle wave of approximately +7.2 to —7.2 V 
swing at a frequency of 500 Hz. 


10.3 Sine-wave Generators*—® 


One of the most important waveforms that an engineer may be called 
upon to generate is the sinusoidal waveform. In this section we shall 
treat a variety of techniques which may be used to perform this task. 
Specifically we shall investigate the use of Wien-bridge oscillators, quad- 
rature oscillators, and phase-shift oscillators. For the Wien-bridge and 
the quadrature oscillator case several different circuits are considered. 
These may be applied to different special requirements as indicated in 
the discussion of the circuits. | 


10.3.1 Wien-bridge oscillator—general description A Wien bridge 
may be combined with an operational amplifier to form an excellent sine- 
wave generator. Some sort of automatic gain control is generally used 
to stabilize the magnitude of the output sinusoid. A general schematic 
of a Wien-bridge oscillator is shown in Fig. 10.12. To see how this circuit 
operates let us assume that the output e, is a sinusoid; then the feedback 
ratio of the bridge is given by 


Ze Re 
Zi+Z, Rit Re(l + C2/Cr) + j(@RiR2C2 — 1/eCr) 
where Z; = Ri + 1/jwCi and Z. = Re/(1 + jwR2C2). The operational 
amplifier will maintain 0 V between its input terminals; thus, 
Le 
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Fig. 10.12 Wien-bridge oscillator. 


where E, is a phasor representing the voltage e.(t). The condition for 
oscillation is 


1 
WoR iReCo eee = 0 


WoO 
1 
a 
V/RiR2CiC2 
If we make R, = Re and C, = Cz, then 
1 1 
Wo = RG, and B= 3 


If 6 = 14 and the condition of Ri = Re and C; = Cz is met, then the 
output will be a sinusoid of frequency 1/27rRC. 

It should be noted that, so long as 6 is 14, the circuit will oscillate at any 
amplitude. Also, if 6 is less than 44, the oscillation will diverge and if 6 
is more than }4 the oscillation will converge. Thus it is common practice 
to provide some sort of automatic amplitude control. This is usually 
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done by varying the negative feedback gain (8) to stabilize the oscillator. 
Incandescent lamps, thermistors, FETs, diode bridges, or general-purpose 
multipliers can all be used for such gain control purposes. 


10.3.2 Precise Wien-bridge oscillator*® As a typical implementation 
of the general Wien-bridge oscillator diagram shown in Fig. 10.12, con- 
sider the circuit shown in Fig. 10.13. The actual Wien bridge is formed 
by Ri, Ci, Re, and Cz. The oscillatory output of amplifier A; is am- 
plified by A», and the output level is sensed by the absolute-value circuit of 
A3 and Ay. The amplifier A, acts as an error integrator and will stabilize 
only when the absolute value of the input equals the reference amplitude. 
A diode bridge is used for varying the negative feedback of Ay. An FET 
can be used for gain control rather than the diode bridge if desired. 

The integrator gain is set by capacitor C3. The choice of C3 is a 
tradeoff between response time and distortion. Small values of C3 will 
allow the circuit to reach its stable value very rapidly. Also, response to 
any disturbance is rapid. On the other hand, making C3; large will 
minimize distortion. The frequency of oscillation, as discussed previ- 
ously, will be 

1 


to ~ 27rRiCi 


where Ri = Re and C; = Ce. Frequencies in the range of 10 Hz to 
10 kHz are practical for this circuit. Distortion of less than 0.1 percent 
and excellent frequency stability are readily achieved. The circuit will 
operate at frequencies above 10 kHz, but the type of operational amplifier 
must be carefully chosen and stray capacitances should be considered. 

Although, in the circuit shown in Fig. 10.13, five operational amplifiers 
are used, similar circuits are available in miniature encapsulated packages. 
In such packages, integrated-circuit operational amplifiers are usually 
used to minimize the size. 


10.3.3 Low-cost Wien-bridge oscillator The Wien-bridge oscillator 
circuit presented in the preceding paragraphs has the disadvantage of 
requiring five operational amplifiers. In Fig. 10.14 a circuit diagram for a 
Wien-bridge oscillator which requires only one operational amplifier is 
given. The primary virtue of this circuit is that very few components 
are required. Distortion will be greater than with the previously dis- 
cussed Wien bridge. But, depending upon care of adjustment, distortion 
will be in the range of 1 to 5 percent. This circuit has high output 
impedance, and any loading at e. will shift the operating point of the 
diodes, which will in turn change the amplitude. Thus this circuit must 
be used with either a fixed load at e, or a buffer must be added. As with 
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Fig. 10.13 Wien-bridge oscillator, diode gain control. 
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Fig.10.14 Low-cost Wien-bridge Ro 
oscillator. 


the previous Wien-bridge circuit, Ri is set equal to Re and C; is set equal 
to Co. Then 
1 


f. = 
27rRiC, 


Potentiometer P; is adjusted until the oscillations just start to diverge. 
At that condition, the inverting input to the operational amplifier will be 
about }4e,. As the oscillations grow, the diodes start to conduct and the 
impedance across the diodes lowers. This raises the amount of negative 
(or degenerative) feedback. Adjustment of P; will vary the output 
amplitude at which amplitude stability occurs. Unlike the circuit shown 
in Fig. 10.13, the amplitude, amplitude stability, and distortion of this 
circuit all interact somewhat. The control over amplitude is indirect 
since P; must be set so that distortion is minimized. Distortion is lower 
as amplitude is made greater. Also, using matched diodes will minimize 
distortion. Frequency stability depends primarily on the quality of the 
Wien-bridge components, and so good frequency stability is easily 
obtained with this simple circuit. 

Much lower distortion may be obtained by using amplitude limiting 
circuits which are thermally limited. The limiting elements of such 
circuits may be thermistors or incandescent lamps. 


10.3.4 Quadrature oscillators The sine-wave generator circuits pre- 
sented so far in this section have been based on Wien-bridge techniques. 
In the following paragraphs we present a quite different technique for 
generating sinusoidal waves, namely, the use of a quadrature oscillator. 
The quadrature oscillator has two important advantages over the Wien- 
bridge oscillator: 


1. A cosine and sine term are simultaneously available as outputs. 
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2. Stabilizing the oscillation without introducing excessive distortion 
is relatively easy. 


Quadrature oscillator circuits are similar to Wien-bridge circuits in that 
they are most attractive for fixed-frequency applications in the range of 
10 Hz to 10 kHz, rather than variable-frequency applications. Fre- 
quencies outside this range are obtainable, but the components, partic- 
ularly the operational amplifiers, must be chosen with some care. The 
general form of the circuit is shown in Fig. 10.15. 

The basic principle of the quadrature oscillator is to implement a loop 
that solves the differential equation 


X + w2X = 0 
The steady-state solution (ignoring phase angle) is 


As with the Wien-bridge oscillator, some means of amplitude stabilization 
is generally required. ‘Two general methods are used: 


1. Design for a slightly divergent oscillation; then use nonlinear 
amplitude limiting to keep the output bounded. 

2. Sense the output amplitude and compare it with a reference. Use 
the resultant error signal for automatic gain control purposes. 


Method 1 is often satisfactory for fixed-frequency oscillators, particularly 
if distortion is not critical and if the desired frequency is somewhere in the 
range of 1 Hzto 10 kHz. Method 2 provides better performance but at 
the cost of increased circuit complexity. Circuits which include the two 
different approaches outlined above are described in the following 
paragraphs. 
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Fig. 10.15 Quadrature oscillator, general form. 
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Fig.10.16 Quadrature oscillator 
with amplitude clipping. 


1. Quadrature Oscillator with Nonlinear Amplitude Limiting. A 
quadrature oscillator circuit which uses amplitude limiting is shown in 
Fig. 10.16. Two operational amplifiers are used as integrators in this 
circuit. Some form of amplitude limiting, such as that discussed pre- 
viously in Chapter 7, is applied to amplifier Az. The behavior of the 
circuit is best understood if the nonlinear limiting on Az, is first not con- 
sidered. After the linear behavior is described, the effect of the non- 
linearity can be considered. In considering the linear behavior, let us 
assume that there is an initial voltage of Vi; on capacitor C; and all other 
initial conditions are zero; then the Laplace transforms of voltages e1 and 
€ are given by 


1 Vi 
Ei(s) = RiGis +1 Ei3(s) + Se: 
R.Cos 1 
= = Ke 
E,(s) RoC.s f E,(s) and E3(s) R08 (s) 


Assuming ideal operational amplifiers, EK; and Ee will be equal. Defining 
72 = RCo, and r; = R3C3, the output E, will be 


(s+ 1/71)(s8 + 1/2) Vi 


E,(s) = s? + (1/r1)s? + (1/rits)s + 1/ritors 


If ry ae BX then 


(s + 1/r1)?Vi 
s3 + (1/71)s? —- (1/rir3)s + 1/ryr3 
- (s + 1/r)Vi 
— g2 + 1 /ryr3 
The solution as a function of time is found by taking the inverse Laplace 
transformation. Thus, we obtain 


Ko (s) a 


eo(t) = Vi Vaal +1 sin ( _" + ’) 
vine 
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where 


Now if 7; = 73, then 


eo(t) = Vi V2 sin (< + 15°) 
T1 


In this case the frequency of oscillation is 


1 
fo = 2rRC 


where R = R, = Ro = Rs; and C = Cy; = Co = Cz. 

In a practical circuit, slight mismatching of components will cause the 
circuit to slowly converge or diverge. If RiC, is deliberately made 
slightly greater than R2Co, the oscillator output amplitude will diverge. 
But if limiters clip the output of A», the output amplitude will stabilize. 
The output distortion will be roughly proportional to the degree of mis- 
match between RiC; and ReCy. The distortion will generally be lower 
at the output for e, rather than the output fore;. A practical version of 
this circuit is shown in Fig. 10.17. 

2. Quadrature Oscillator with Amplitude Control. The second type 
of quadrature oscillator to be discussed in this section is the one in which 
the output amplitude is sensed and used to control the loop damping. A 
schematic of such a circuit is shown in Fig. 10.18. To understand the 
operation of this circuit, let us assume that all initial conditions are zero 
and that eg and e, are slowly varying relative to ey and e2. The circuit 
equation found from using Laplace transforms is 


. E, 
(Recis" + 10 RiC\3s ~- ) Ei(s) = 0 


Setting w. = V400 — E,2/20RiC; and a = E,/20R,1Ci, the solution in 
the time domain is 


1 
ei(t) = — e—** sin wot 
Wo 
Since 
Co 


~ 20R,Ci 


a 


the oscillation will tend to diverge if eg > |eilpc and converge if er < 
leailpc. The oscillation will stabilize at an amplitude where 


ep = avg {lea|} 
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Fig. 10.17 Circuit for quadrature oscillator. 


In other words, e, is an error voltage and will be driven to near zero. 
The time constant ReC, must be much greater than the time constant 
RiC;. Note that the frequency of oscillation approaches 1/2rR,C, as 
@o approaches zero. 
_ 400 — e& 1 
* DPORCe Ri; 


Stabilizing the amplitude control loop is sometimes a problem with this 
circuit. Capacitor C2, must be large enough to provide adequate low-pass 
filtering for the rectified current proportional to e,, but if C2 is too large 
the control loop may go into a slow limit-cycle oscillation. Adjusting 
the control loop gain by varying P, will generally stabilize the loop, but 
then the amplitude stability may suffer. In a practical circuit, each 
decade of frequency will generally require different values of Ce, and Pi 


as eg - 0 
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Fig. 10.18 Quadrature oscillator with gain control. 
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will have to be readjusted. P. may need adjusting also. Another ampli- 
fier can be added to allow for more complex amplitude-loop phase 
compensation. 


10.3.5 Phase-shift oscillators In the following paragraphs we present 
a discussion of the generation of sinusoidal waveforms by a phase-shift 
oscillator. Although similar in concept to the previously discussed Wien- 
bridge and quadrature oscillator circuits, the phase-shift oscillator offers 
several advantages: 


1. Only one amplifier is required to generate the sine term. In addi- 
tion, the cosine term is easily obtained by adding a single additional 
amplifier, if desired. 

2. Hither differential input or single-ended input operational amplifiers 
may be used. 


The primary disadvantage of the circuit is that three matched capacitors 
are required. Changing the frequency of oscillation is not easy with 
this circuit, but it is often satisfactory for generating a fixed-frequency 
sine wave. The clipping will cause some distortion, and so this circuit 
will generally have lower performance than the circuits discussed in the 
preceding paragraphs. 

To see how this type of oscillator operates, consider the circuit shown in 
Fig. 10.19. The loop equation is 


(RrR2C%s3 + 3R2C’%s? + 4RCs + 1)E,(s) = 0 
This equation is satisfied if 
3R2C?%s? + 4RCs + 1 
7 R2C?s? 


Since Rr is real and constant, s must be a fixed value jw. The real 
portion of the right member of the above equation must equal Rr and 


Rr = 


Fig. 10.19 Phase-shift oscilla- 
tor, general form. 
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the imaginary portion must be zero. Substituting s = jw. we obtain 
4ARCw, + j(8R2C%u,? = 1) 
a R2C3w,8 


Thus 
4 1 
— ] 2 —_ 
RO%m?  @d = oo" = secs 


Rr 


If Rg is made equal to 12R, this circuit will oscillate at frequency w./2r, 
where w. = 1/V3 RC. 

To obtain a stable oscillation, Rr should be made slightly greater than 
12R. A limiter circuit is then used to contain the divergence. It should 
be noted, however, that the distortion increases as Rr is made greater 
than 12R. But the circuit stabilizes more rapidly and is more stable in 
amplitude as Rr is made larger. Both the limiter circuit and Rr are 
generally made variable when using this circuit. 

The cosine function may be obtained by adding one more amplifier to 
the circuit shown in Fig. 10.19. The voltage Ey is 


J 


f= - Bote 


where E, is the phasor A < 0°, and e,.(t) = A sinwt. Thus we may 
write 


3 
a A— fo) 
eo(t) es COS wot 


To prevent undesired loading of the phase-shift network, the input 
resistor to the cosine amplifier is made equal to R and the R to common 
is removed. A version of this circuit with oscillation frequency of 
920 Hz is shown in Fig. 10.20. 


10.4 Pulse Circuits—Monostable Multivibrators*° 


In the preceding sections of this chapter we have discussed operational 
amplifier circuits for generating square, triangle, and sine waves. In 
this section we present some operational amplifier monostable multi- 
vibrator circuits for generating pulses. A monostable multivibrator 
circuit (sometimes referred to as ‘‘single shot’’) can also be designed 
with active elements other than operational amplifiers. The primary 
advantage of the operational amplifier circuits over conventional tran- 
sistor or vacuum-tube circuits is the wide range of pulse-width adjust- 
ment and the improved stability with temperature. . 
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Fig. 10.20 Phase-shift oscillator circuit diagram. 


10.4.1 Monostable multivibrator using one amplifier A_ relatively 
simple monostable multivibrator may be constructed using only one 
operational amplifier. The circuit is shown in Fig. 10.2la. Although 
it is a very simple circuit, it will be precise if the temperature stability 
of the back-to-back zener diode is good. If a back-to-back zener diode 
is not available, a diode bridge circuit with one conventional zener may 
be substituted for the back-to-back zener, as shown in Fig. 10.21b. 
To see how the circuit shown in Fig. 10.21a operates, note that in the 
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Fig. 10.21 Monostable multivibrator. (a) Circuit diagram; (b) bridge limiter. 


stable state the output is at +Vz and the capacitor voltage Vc is clamped 
at about +0.6 V. A negative trigger of greater than —Vz/2 will cause 
the output to flip negative to —Vz. The capacitor then starts charging 
through Ri towards —Vz. But when Vc is more negative than — Vz/2, 
the output will flip back to +Vz. This completes the single pulse. To 
reset for the next pulse, C; is charged through Re and De. By making 
Rez « Ri, the reset time can be much shorter than the output pulse width. 

For applications where the pulse duty rate is very low and reset time 
is not critical, the Rz, Dz portion of the circuits shown in Fig. 10.21a 
may be omitted. In addition, if an amplifier with good saturation 
characteristics (such as the Burr-Brown 3401 or 3402) is used, the zener 
diode and R, may be omitted. The voltage Vc(t) is given by 


Vo(t) = (Vz + 0.6)e—t/RiC, = Vz 
The pulse width is 
2(V : 
T =RB,C, ln 2(Vz + 0.6) 
Vz 
T ad 0.7 RiCy 


This circuit provides good performance for time constants of about 10 ms 
orlonger. The switching speed of the amplifier from saturation to satura- 
tion becomes critical for shorter time constants. 


. RiC,; In 2 


10.4.2 Precise wide-range monostable multivibrator A more complex 
monostable multivibrator circuit is shown in Fig. 10.22. Although three 
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Fig. 10.22 High-performance monostable multivibrator. 
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amplifiers are required, this circuit provides adjustable trigger sensitivity, 
very wide range of pulse width adjustment, and very flat well-controlled 
output pulses. Virtually any operational amplifier can be used in this 
circuit. But for very high-speed narrow pulses, amplifiers with fast 
slew rate, high output-current rating, and good settling-time character- 
istics should be used. In concept, the circuit is very similar to the 
triangle-wave generator circuit of Fig. 10.10. The primary difference 
is that the integrator is ‘locked up” until a trigger pulse starts the cycle 
of operation. 

To see how this circuit operates, note that in the quiescent state the 
output e, is at +10 V and the input to amplifier A; is held at about 
—0.6 V by the diode across the feedback. Amplifier A, is also at about 
—0.6 V. Now if a negative-going spike of at least —5 V is applied 
through the 5 kQ resistor to Ae, A» will switch to positive and Ag; will 
flip over to a —10-V output. This switching action is regenerative. 
The trigger input should be much narrower than the desired output pulse 
width but must be long enough for the amplifiers to switch states. When 
the output of A3 switches to negative, the integrator A, will integrate 
from —0.6 to +10 V at a rate determined by RiC;. When the output of 
A, reaches +10 V, the comparator A, will flip to negative and the 
output will jump back to +10 V. This completes the ‘“‘single-shot”’ 
pulse. The integrator is driven back to —0.6 V very rapidly through 
the 500-2 input resistor, and the circuit is then ready for another trigger 
input. The pulse width is given by 


T ~ 1.06RiCi1 


With the component values shown, pulses of 10 to 100 usec are readily 
achieved. 
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MODULATION AND 
DEMODULATION 


General Theory 


Since, as discussed in the preceding chapter, operational amplifiers are 
used for generating sine waves, pulse trains, and many other functions, it 
is natural to consider operational amplifiers for signal modulation and 
demodulation. 'These functions can generally be implemented with com- 
binations of integrators, multipliers, comparators, and precision gates. 
In this chapter we will present operational amplifier circuits which may 
be used to achieve three types of modulation, namely, amplitude, fre- 
quency, and pulse width modulation. In addition, a discussion of cir- 
cults which may be used for demodulation will be given. 


11.1 Amplitude Modulation 


11.1.1 Using multipliers for amplitude modulation® The most direct 
means of amplitude modulation is to use a multiplier as described in 
Chapter 7. The general form of a circuit for accomplishing this is shown 
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Fig. 11.1 Amplitude modulation. 


in Fig. 11.1. Some special cases of this type of modulation occur fairly 
often. For example, the carrier is often a sinusoid. If em varies posi- 
tively and negatively with respect to zero, the carrier is suppressed. If 
the modulation input is also a sinusoid, then 


€o = Kem(t)ec(t) = k(A sin wyt)(B sin act) 
= 14kAB[cos (wo — wm)t — Cos (wo + wm)t] 


From the above equation we see that there are two sidebands present at 
the output and that the carrier is suppressed. We conclude that using 
multipliers is a simple and direct means of amplitude modulating. 


11.1.2 Pulse amplitude modulation Although multipliers provide the 
most general means of amplitude modulation, amplitude-modulating a 
pulse train is Somewhat easier, in that the carrier has only two states: +V 
and zero. Thus pulse amplitude modulation (PAM) may be done by 
using gating circuits. In the following paragraphs we present two 
circuits for purforming PAM. 

1. PAM Using Transistor Gating. A transistor gate circuit for 
performing PAM is shown in Fig. 11.2a. In this circuit, the pulse train 
input ec switches transistor Q; between the ON and OFF states. The 
modulation voltage ey is always negative and varies from 0 to —10 V. 
When ec is +10 V, Q: is biased OFF and the output eo is —em — Vs. 
When €c switches down to approximately 0 V, Q: is saturated ON by the 
33 kQ to —15 V bias source. Then eo will be equal to —Vg — 2Vcx¢at.)- 
The voltage Vcxeat. may be made very small by choosing a switching 
transistor with low Vexrcat.) and by making the R;/2 resistors fairly large 
in value. Typically Voxrat.) will be from 20 to 200 mV using switching 
transistors. 

Typical signal waveforms for the circuit are shown in Fig. 11.2b. An 
FET may be used in place of the bipolar transistor if desired. Offset in 
the ON state will generally be lower with FETs, but the capacitive feed- 
through of switching transients may be worse. Also, offset may be made 
lower by inverting the transistor (reverse the collector and emitter). 
However, the dynamic range is somewhat different then. 
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Fig. 11.2 Pulse amplitude modulation. (a) PAM using a transistor gate; (b 
PAM waveforms. 
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2. PAM Using a Precision Limiter.':} A second method of performing 
PAM is through the use of diodes. Although diode bridges can be used 
for gating, the accuracy is dependent upon the diode characteristics. 
However, by using the previously discussed precision rectifier circuit 
(Sec. 7.2.3), a very precise pulse amplitude modulator of wide dynamic 
range may be designed. 

Such a circuit is shown in Fig. 11.3a. In this circuit assume that ec is 
a pulse train (Fig. 11.3b) that is switching from a low voltage of zero to 
a positive high voltage Ex that is approximately +10 V.. The modula- 
tion voltage em is symmetrical about zero and varies between +4 V. 
Amplifier A; has two possible outputs: e1 = (—ec — em — Vz) if (—ec — 
em — Vp) < 0 or e; = O if (—ec — em — Vu) > O. Amplifier Az also 
has two possible outputs: ee = —ec — (—ec — em — Vp) = em + Vz if 
ei < 0, or eo = —ec if e, = 0. If Ex is more positive than jem + Val, 
then e; will be negative and the output will be (ew + Vg). If (ew + Vs) 
< 0, then e; will be zero when €c¢ is low and the output will then be zero. 
Typical waveforms are shown in Fig. 11.3b. The bias voltage Vz is set 
at —5 V for the signal levels shown. 


11.2 Frequency Modulation® 


In this section we shall discuss the use of operational amplifier circuits for 
performing frequency modulation. ‘This may be accomplished by the use 
of a voltage-controlled oscillator or by a voltage-to-frequency converter. 


11.2.1 Voltage-controlled oscillator Let us first consider frequency 
modulation through the use of voltage-controlled oscillators. A voltage- 
controlled oscillator (VCO) has a sinusoidal output with a frequency that 
is proportional to a de control voltage. The amplitude may, or may not, 
be variable. Also, the sine wave may be very undistorted, or a high level 
of distortion may be present and acceptable. Key specifications are the 
linearity of frequency change with control voltage input and the dynamic 
range of the frequency deviation. 

A simple approach to designing VCOs is to control the frequency of a 
Square wave and then filter the square wave to obtain the fundamental 
sine-wave output. If the voltage-to-frequency circuits are teamed up 
with some filter circuits (see Chapter 8), a VCO can be obtained. 

1. High-performance VCO. In telemetry systems, a VCO with both 
an in-phase and quadrature output is sometimes needed. Also, in some 
test or instrumentation applications it is desirable to start the oscillation 
at some known phase angle. The circuit shown in Fig. 11.4 has all these 
features and is also a very precise circuit. Unlike the other amplitude- 
controlled oscillators discussed earlier, this circuit does not depend upon a 
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Fig. 11.3. Precision pulse amplitude modulator. (a) Precise pulse ampli- 
tude modulator; (b) PAM waveforms. 
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Fig. 11.4 High-performance VCO. 
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time-averaging technique to obtain the amplitude. The output signals 
instantly assume the proper amplitudes, independent of the frequency 
setting. This circuit uses switched integrators of the type described in 
Sec. 6.3. The initial conditions for the integrators come from the sine- 
cosine potentiometer. Once the integrators are switched to ON, the 
circuit functions as a quadrature oscillator. (Several conventional 
quadrature oscillators were described in Sec. 10.3.4.) Multipliers M, 
and M. vary the gains of the two integrators, and thus the frequency 
varies. Multipliers M3; and M, in effect demodulate the oscillator’s am- 
plitude. The Asin wt and A cos wt outputs are both squared, and their 
sum is compared with the reference voltage Vs. This difference controls 
the magnitude and polarity of the feedback through multiplier M; for the 
A sin wt output. Multiplier Ms; controls the loop amplitude stability, 
and both regeneration and degeneration can be applied by it. 

2. Wide-range VCO. Almost all conventional VCO circuits operate 
on one of two principles: 


1. A square wave is generated and its frequency is controlled by the 
de input voltage. The square wave is then filtered to obtain a sine wave. 

2. A sine-wave oscillator is developed; then the frequency of oscillation 
is varied by varying the oscillator loop gain. 


Still another approach to designing VCOs is to generate a triangle wave 
that may be controlled in frequency. The triangle wave is then put 
through a shaping network that exhibits a sinusoidal gain. One advan- 
tage to this approach is that the sine gain-shaping circuit can easily be 
designed to operate from direct current up into the high audio range. 

A typical circuit using this technique is shown in Fig. 11.5. As:‘shown, 
the circuit will provide about a 100:1 dynamic range at any switch 
setting, with 1 percent linearity. The frequency of oscillation will be 


ps ees ee 
~ 40R,C, 


The variation in frequency with e, is illustrated in Fig. 11.6. 


11.2.2 Voltage-to-frequency converters The second basic method of 
achieving frequency modulation is through the use of a voltage-to- 
frequency converter. The term voltage-to-frequency converter (VFC) 
implies that the frequency of some periodic signal is made proportional 
to an analog control voltage. The output may be any periodic wave- 
form, such as a square wave, a pulse train, a triangle wave, or a sine wave. 
Pulse-train or square-wave outputs are generally desired if the output 
is destined to drive a counter of some sort. A VCO is, of course, also a 
voltage-to-frequency converter. But allowing a pulse or square-wave 
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Fig. 11.5 Wide-range VCO circuit. 


output will generally simplify the design, particularly if a wide dynamic 
range of frequency is desired. In the following paragraphs a few typical 
voltage-to-frequency converter circuits will be discussed. The primary 
differences lie in the linearity and dynamic range of these circuits. 

1. Square-wave Output VFC. Two circuits which perform the func- 
tion of a square-wave output VFC are shown in Figs. 11.7 and 11.8. 
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Fig. 11.6 Response of wide-range VCO circuit. 


These two circuits are very similar to the triangle- and square-wave 
generators discussed previously in Sec. 10.2.2. In both circuits, the 
magnitude of the voltage into the integrator is controlled by a de input 
voltage. In the circuit of Fig. 11.7, a multiplier is used to modulate 
this amplitude and, consequently, the frequency. A wide-bandwidth 
multiplier with good step response should be used for best results. In 
the circuit shown in Fig. 11.8 a diode bridge limiter is used to modulate 
the square-wave input to the integrator, thus varying the frequency. 
Since the input to the integrator is known to be a square wave, the diode 
bridge may be used to modulate the amplitude by alternately gating 
+e; and —e, to the input of the integrator. 

2. Pulse-train Output VFC. A circuit which performs the function 
of a pulse-train output VFC is shown in Fig. 11.9. Only two operational 
amplifiers are required for this voltage-to-frequency converter. The 
operational amplifiers should have good saturation characteristics, high 
input impedance, and good slew rate capability for best results. An 
inexpensive wideband FET input operational amplifier, such as the 
Burr-Brown 3402, is a representative choice. Low-cost bipolar IC 
(integrated circuit) operational amplifiers may be used, but the compo- 
nent values will differ and range of operation may be more limited. 

To understand the operation of this circuit, first consider the amplitude 
adjust potentiometer. If this potentiometer is adjusted for an output 
of —8 V, the output of A» will be negative if e2 is more positive than —8 V. 
Since the collector of Q: is at 0 V, the base is being driven by the output 
of Az to about —11 to —12 V; then Q; is indeed OFF as assumed. The 
input voltage is positive, and so the integrator Ai will integrate in the 


900 


TRIANGLE WAVE 
“4 
40R, C, 


% TRIM FOR 410V OUTPUT 


Fig. 11.7 Voltage-to-frequency converter using a multiplier. 
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Fig. 11.8 Voltage-to-frequency converter using a diode bridge. 
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Fig. 11.9 Voltage-to-frequency converter, pulse-train output. 


negative direction. When the A; output reaches —8 V, the output of 
A: will switch to a positive output. This will gate Qi to ON, and since 
the collector of Q: is at approximately 0 V the output e, will also be very 
nearly 0 V. More exactly, it will be at — Vex(at.), or about 0.1 V. With 
Q, at ON, it will act as a current source to the summing junction of the 
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integrator and A, will integrate rapidly in the positive direction. When 
the integrator output exceeds zero, the comparator A, will switch to the 
negative saturation condition. The diode across the integrator prevents 
overshoot and reduces delay time. Ae» going negative will switch Q, 
back into the OFF condition. The cycle is then completed and will start 
over again. 

The delay time as Az switches from one saturated state to the other 
limits the practical frequency range for this circuit. This delay time 
will be considerably different for various types of operational amplifiers. 
The pulse width Tp may be as short as 20 to 100 us using a fast FET 
input amplifier such as the Burr-Brown 3402. 

The conversion factor of this circuit 1s found from 


eT, 1 

= 8.6 d f = ———_ 

RC, a T; + Tp 
1 


a re 
8.6R1C;/e, + Tp 


If Tp <K Ti, then 
€1 


t= F6RC, 


Linearity of this circuit is fairly good at low frequencies, where Tp is 
much smaller than T;, but is poor at high frequencies. But if Tp is 
constant, the nonlinearity is predictable. Since Tp is determined by 
the slewing time of the integrator and by the switching delay time of 
the comparator, it will be essentially constant. 

The circuit is sensitive to changes in external loading at the output eo. 
Thus, if this voltage-to-frequency converter is to drive a load of less than 
100 kQ, an emitter follower or some other form of buffering should be 
added to the output. | 

3. High-performance VFC. A very wide-range, linear voltage-to-fre- 
quency converter can be designed using high-performance function mod- 
ules. This circuit makes use of a high-speed integrator with current- 
amplified resetting capability (see Sec. 6.3 for a description of this type 
of integrator). Although somewhat more expensive than the circuits 
previously discussed, this circuit offers excellent performance. It is 
shown in Fig. 11.10a. 

To understand the operation of this circuit, note that the integrator 
Ai is controlled by the switched current amplifier. When the voltage 
at pin 3 is high (approximately +4 V), the switch is at OFF and Ai 
integrates at a rate determined by Ry, C1, and E;. When the voltage 
at pin 3 is low (approximately +0.6 V), the integrator will very rapidly 
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Fig. 11.10 High-performance VFC: (a) voltage-to-frequency circuit; (b) typical 
waveforms. 


reset to —10 V. Amplifier A, and transistor Q: act as a high-speed 
comparator. Q, and Qe may be almost any silicon switching transistor. 
Q: is an optional buffer output stage. Typical waveforms are shown — 
in Fig. 11.10b. The integrator input resistor R; or the capacitor Ci 
can be varied to provide the desired scale factor of conversion. The 
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equations of operation are 


eilT, 1 
10 = and { = ————— 
RC, - T, + Tp 
i 
f 


- 10RiCi/e: + Tp 


The reset time Tp will be about 3 to 4 ws using the component values 
shown. If Tp =~ 3 us and C; = 0.01 uF, then 


f= ——__“) 
~ R, X 10-7 + 3e, X 10-8 


If, for example, a scale factor of 1 kHz/V were desired, then Ri should be 
about 10 kQ. Then 
f= e, X 103 Hz 


and 0 <f< 10kHz for —10 V <e, <0. This circuit also makes an 
excellent voltage-controlled ramp generator. The output voltage is then 
ER. 
Using the 3402 operational amplifier, the circuit shown in Fig. 11.10a 
can be operated up to 100 kHz by making C; equal to 1,000 pF. How- 
ever, if frequencies under 10 kHz are of interest, an inexpensive amplifier, 
such as the Burr-Brown 3308/12C, may be substituted for the 3402s. 
With reasonable care, a dynamic range of 1,000:1 with 1 percent linearity 
is feasible with this circuit. 


11.3 Pulse Width Modulation? ® 


In this section we shall discuss circuits which may be used for pulse width 
modulation. In this type of modulation system, a de or slowly varying 
voltage may be used to control the width of pulses. The pulse repetition 
rate 1s usually fixed, and the carrier input is often in the form of a square 
wave or pulse train. Pulse widths may be modulated by many means, 
but two common methods that offer good linearity over a wide range of 
operating frequencies are discussed in the following paragraphs. 


11.3.1 Voltage-to-pulse-width modulator with square-wave carrier input 
If the carrier input can be converted to the form of a square or triangle 
wave, this method is very simple to apply. The sine-wave carrier input 
is amplified and clipped and then converted to a triangle wave by an 
integrator. The modulation input biases the triangle and thus modulates 
the pulse width about the 50 percent duty cycle condition. A circuit 
for performing such a function is shown in Fig. 11.lla. Typical wave- 
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Fig. 11.11 Pulse width modulator. (a) Circuit diagram; (b) waveforms. 
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forms are shown in Fig. 11.11b. The pulse width Ty is given by 


_ 10+ em 


T 
, 20 


Tc 
where —10 < ey < 0. 


| 
11.3.2 Voltage-to-pulse-width converter A switched integrator can 
also be used to obtain a very linear and stable synchronized pulse width 
modulator. A pulse train provides the clocking signal, and the output 
is a pulse train synchronized to the clock pulse input. Pulse width of the 
output is a linear function of the input voltage. A circuit for providing 
such modulation is shown in Fig. 11.12. The values of Vr, Ci, and Ri 
in the circuit must be chosen according to the pulse repetition rate and 
the desired dynamic range. For example, assume that the clock fre- 
quency is 1 kHz and the input voltage varies from 0.1 to 10 V. If Vris 
+10 V, then 
0.01R,C, < Tp < R,C, 


Tp must be less than Tc to avoid ambiguity, and so RC; must be less 
than Tc. If RiC; is chosen to be 0.9T¢, then RiCi is 0.9 ms. If C; is 
chosen to be 0.01 ywF, then R; would need to be 90 kQ. We now have 
Tp = 0.09e1 ms. In ratio form, Tp/Tc = 0.09e:1. See Sec. 6.3 for a 
description of integrators using switched current amplifiers. 


11.4 Demodulation 


The previous sections of this chapter have discussed the use of operational 
amplifier circuits to perform various types of modulation. In this section 
we discuss the inverse process, namely, demodulation. Several treat- 
ments are given covering amplitude, frequency, and pulse width 
demodulation. 


11.4.1 Amplitude demodulation To accomplish amplitude demodula- 
tion, demodulators, or discriminators, are needed to recover the low- 
frequency signal information that has modulated a high-frequency 
carrier signal. The carrier is often in the form of a pulse train or sine 
wave. Many commonly available transducers, such as synchros, have 
an output that is of the suppressed-carrier amplitude-modulated type. 
Synchro demodulators' must be phase-sensitive, they should have a 
positive output when the input is in phase with the carrier reference 
signal and a negative output when the input is 180° out of phase. Some 
typical demodulator circuits will now be considered. 

1. Phase-sensitive Demodulation of Suppressed Carrier Signals. 
Two circuits for performing phase-sensitive demodulation of suppressed 
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Fig. 11.12 Simplified diagram of a voltage-to-pulse-width converter. 
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carrier signals will be considered. The input is of the form 
€1(t) = es(t) sin wot 


es(t) is the low-frequency signal that is to be recovered, and wo is the 
carrier frequency. Now if e;(t) is multiplied by a square wave of am- 
plitude A that is in phase with the carrier reference signal, the low-fre- 
quency portion of the output will be proportional to eg(t). If the square 
wave is e2(t), then, using Fourier series, 


2 4/1 1 
€o(t) = ex(t)ee(t) = Aeg(t) = —- € cos 2wot -+ 35 cos 4act 
Tv ‘ 


Tv 


1 
+ 2g €08 Guct + - « *)| 
Now if eo(t) is low-pass filtered, the output will be 
2A 
Output = — es(t) 
T 


The other terms constitute ripple. Notice that the lowest frequency of 
ripple is at twice the carrier frequency. A block diagram of the desired 
circuit for performing such a demodulation is shown in Fig. 11.13. Two 
circuits for implementing such a phase-sensitive demodulator are shown 
in Figs. 11.14 and 11.15. 
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Fig. 11.13 Block diagram of a full-wave, phase-sensitive demodulator. 
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Fig. 11.14 Phase-sensitive demodulator using switching technique. 
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2. Pulse Sample Demodulator. Another means of amplitude demod- 
ulation is to sample-and-hold the desired amplitude information. For 
example, if the peak values of an ac suppressed carrier signal are sampled 
and held, the output will be a sequence of steps. The fundamental of 
the output will be the desired low-frequency signal, although delayed in 
time by one-half cycle of the carrier because of the sampling process. A 
half-wave 400-Hz pulse sample demodulation circuit is shown in Fig. 
11.162. The waveforms are shown in Fig. 11.16b. It should be noted 
that the width of the sampling pulse is not critical. With a 400-Hz 
carrier, a pulse width of about 70 us centered on the sine wave will sample 
the voltage within +5° of the peak. 

The technique described above can also be used for full-wave demod- 
ulation if the input is first full-wave, phase-sensitive detected. Full- 
wave sampling will reduce the time delay to one-quarter cycle, but at the 
expense of greater circuit complexity. | 


11.4.2 Demodulation of FM signals In the above paragraphs we have 
considered circuits for amplitude demodulation. Now let us consider 
the frequency demodulation problem. There are three basic techniques, 
namely, time-averaging demodulation, demodulation by measuring the 
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Fig. 11.16 Pulse sample demodulator, 400-Hz carrier. 
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Fig. 11-16 (b) Waveforms. 


period, and demodulation using phase-lock techniques. Details of these 
three methods are given in the following paragraphs. 

1. Time-averaging FM Demodulation. If the modulation frequency 
is much lower than the carrier frequency, a simple time-averaging 
technique may be used to measure frequency. The signal input wave- 
form is converted into a train of uniform pulses. The pulse train is then 
low-pass-filtered to obtain the de term. The dc output is proportional to 
the frequency of the input. To adequately filter out the ripple, the filter 
time constant must be very large. Thus the response rate of this type of 
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demodulator is rather slow. A typical operational amplifier circuit for 
time-averaging frequency demodulation is shown in Fig. 11.17a. 

2. FM Demodulation by Measuring the Period. If the modulation 
frequency is rapidly varying relative to the carrier, it may be preferable 
to measure the period of one cycle and to continuously compute 1/T. 
This will provide a cycle-to-cycle computation of frequency rather than 
averaging a large number of cycles over a long period of time. 

The essence of this approach 1s first to convert the input signal into a 
train of narrow pulses and then to measure the time between pulses by 
means of a gated integrator of some sort. The integrator input is a con- 
stant reference, and so the voltage out of the integrator is proportional to 
time. A general block diagram of the process is shown in Fig. 11.18. 
The design of a circuit to implement the process is straightforward since 
most of the blocks have been discussed previously. The primary 
limitation of this type of FM demodulation is its dynamic range. How- 
ever, a frequency range of 10:1 may be easily designed and a range of 
100:1 is possible. Two sources of error are most significant: 


1. The pulses of the pulse train e2 must have a finite width. Each 
pulse must first stop the integrator and then transfer the peak value Vp 
into the sample-and-hold circuit; then the integrator must be reset. 
Although functions may be accomplished very rapidly, they do pose a 
limit on the resolution of measuring the period. 

2. Most dividers commercially available today are limited in dynamic 
range. Typically, the error increases as the denominator is made smaller. 
Thus, as the range of Vp is made greater, the divider will generally 
contribute more error. 


Even with these limitations, FM demodulation by measuring the period 
is a valuable technique of converting frequency information to de voltage 
form. The method does not depend on time averaging over a number of 
cycles, and so the circuit responds very rapidly to changes in frequency. 

3. FM Demodulation Using Phase-lock Techniques. The methods of 
FM demodulation discussed previously all depend upon having a noise- 
free input. Wave shape is not critical, but any noise that interferes with 
detection of zero crossings would cause error. Where noise is a problem, 
a phase-lock technique may be used to good advantage. The block 
diagram of such a technique is shown in Fig. 11.19. 

To analyze the circuit operation, assume an input signal e:; and a 
VCO signal eo(t) having the form 


€(t) _ Vs sin (wet + 6;) 
@o(t) = Vo cos (wg t-++ 60) 


When 6, — 9 is zero, the output is 90° out of phase with the input. 
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5 Fig. 11.17 Frequency demodulation. (a) Circuit diagram; (b) waveforms. 
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Fig. 11.18 Block diagram of a frequency-to-de converter. 
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Fig. 11.19 Block diagram of a phase-locked loop. 


A multiplier can be used as a phase detector. The output of the multiplier 
em 1S €9€:/10, and so 


VsVo.. 
eu(t) = 7 [sin (wgt + 61) cos (wst + 60)] 
VsVo ,. 
aT (sin wgt COS wgt + Cos 61 COS Bo 


+ cos? wet sin 0; COS 09 — Sin? wgt Cos 8; Sin Ao 
— COS wst Sin wst Sin 61 Sin 60) 


Now if em is low-pass-filtered to remove all double-frequency terms, 
this reduces to 


VgV 
CM avg = a (sin 61 COS 09 — GCOS 4; Sin 40) 
VsVo . 
= sin (@; — @ 
on (01 — 40) 


If this low-pass-filtered signal is used to control the frequency of the 
VCO, the frequency of eo will be varied until the phase angle is mini- 
mized. Thus the two signals will phase-lock. The output of the VCO 
will be in quadrature with the input and will track the input signal in 
frequency. The averaged signal from the low-pass filter controls the 
VCO and is proportional to the input signal phase so long as the loop 
is “‘locked”’ (6; — @0 « 90°). 

The design of an operating phase-lock loop is not difficult, but optimiz- 
ing the loop for a given application and predicting the noise rejection, 
acquisition rate, probability of locking, etc., are very difficult. These 
topics are discussed in other books. 

A typical phase-lock loop using operational amplifiers and analog func- 
tion modules is shown in Fig. 11.20. For the values shown, frequency 
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Fig. 11.20 FM demodulator using a phase-locked loop. 
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Fig. 11.21 Pulse width demodulation. 


may vary over a 20:1 range, and signal amplitudes may also vary over 
a 20:1 range without losing lock. 


11.4.3 Pulse width demodulation A_ pulse-width-modulated pulse 
train is easily converted to a de voltage. Simple low-pass filtering will 
provide a voltage proportional to the pulse width. If the amplitude 
of the pulse-width-modulated waveform is not accurate and stable, the 
circuit in Fig. 11.21 may be used. The pulse height is then proportional 
to the reference voltage. The variation of pulse width of e1 causes a 
corresponding variation in the ON and OFF time of the switch. The 
output level is independent of fluctuations in the height of the e: pulses. 
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APPENDIX A 


FUNDAMENTAL CIRCUIT THEORY 


In this appendix, the basic properties of operational amplifiers are 
presented. Each of the performance characteristics discussed here is a 
result of amplifier design factors discussed in detail in Chapters 1 to 5. 
Test methods for each performance characteristic are given in Appendix B. 


A.1_ Basic Concepts 


The operational amplifier is simply a high-gain, direct-coupled amplifier. 
It is usually designed to amplify signals extending over a wide frequency 
range and is normally used with external feedback networks. Many 
operational amplifiers have a single input terminal, but the greater number 
have a differential input. Nearly all have a single output terminal. 
Thus most operational amplifiers may be represented by the symbol of 
Fig. A.1. Single-ended: amplifiers may be treated as the special case 
where + input is grounded. 

There are certain “ideal properties’ of operational amplifiers toward 
which their design is directed. These properties are never realized in 
practice, of course, but the assumption of such idealness allows rapid 
preliminary analysis of feedback circuits involving these amplifiers. - 
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The idealized amplifier properties which are usually assumed are 


Gain = © (A— o~) 

€o = 0 when e; = ee 

Input impedance = ~ (Zi— ~) 
Output impedance = 0 (Z, — 0) 
Bandwidth = © (response delay = 0) - 


When feedback is applied, the characteristics of the amplifier are deter- 
mined largely by the feedback network. This is illustrated in the follow- 


“4 


5 
, @ Fig. A.l Symbol of an opera- 
® e, =A (e>—ey) tional amplifier. . 


eo 


ing analysis of the two most common operational amplifier feedback 
circuits: the inverting and noninverting circuits. 


A.2. Fundamental Inverting Circuit 


The circuit shown in Fig..A.2 is representative of the general class of 
inverting circuits. The common feature of these circuits is that the 
noninverting input is connected to signal common. In analyzing such 
circuits, using the ideal amplifier properties, it is noted that no current 
flows into the amplifier and gain A is assumed to be arbitrarily large. 
This leads to the circuit equations 

oe ae 

Z1 Ly 
Co = —Ae, A— © 


Solving for e,./e, and eliminating terms which approach zero give the 
overall (closed-loop) gain or transfer function, 


ee | - (A-1) 


Fig. A.2 Inverting feedback 
amplifier. 
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Note that the closed-loop gain includes a sign inversion and has a magni- 
tude determined solely by the ratio of the feedback elements. Note also 
that the summing point voltage e, approaches zero as the amplifier gain A 
becomes arbitrarily large, 


—@o 
A 
This circuit condition is described by referring to the summing point as a 


“virtual ground.” With the summing point at ground potential, the 
current through Z; 1s 


es = — 0 as A — 


G2 ne OL 
ee Zi 
Thus, i, 1s independent of the value of Zr. However, this input signal 
current does flow through Zy, since no current flows into the operational 
amplifier inputs (Z; = ©). Since one end of Zr is at ground potential 
(the summing point), the other end must be a voltage of —1,Zy = eo, the 
amplifier output voltage. Input impedance of the circuit is simply: Z. 
The simple inverting amplifier may be modified by adding additional 
signal sources and impedances as shown in Fig. A.8. The summing point 
remains at ground potential, and the various input currents are inde- 
pendent of on one another: 


: C1 : C2 ; €3 
: ee i : eee 
Le Z3 


Ly 


The sum of the currents flows in the feedback element, Zr, generating the 
output voltage: 


; Z Z Z 
Qo = —ipZr = (7 + Co z + C3 Z) (A-2) 


Thus the circuit of Fig. A.2 functions as a summing amplifier where each 


Fig. A.3) Summing amplifier. 
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input voltage term in the summation may be operated on by a different 
scale factor or linear operator. 

In the inverting circuits of Figs. A.2 and A.3 the input and feedback 
elements need not be single components (such as resistors or capacitors) 
but may be more complex elements composed of a number of linear or 
nonlinear elements. The Z,’s then represent the short-circuit transfer 
functions of these elements. Regardless of the complexity of the input 
and feedback networks, the same principles will be found to hold: 


1. The summing point is a virtual ground. 

2. No current flows into the amplifier inputs; current flowing into the 
summing point from the input networks must flow through the feedback 
network. 


A.3 Noninverting Circuits 


The inverting feedback circuits discussed in the preceding section may be 
realized with either single-ended or differential input amplifiers. How- 
ever, those to be discussed here require operational amplifiers having a 
noninverting input for signals and an inverting input for feedback volt- 
ages. Usually such operational amplifiers are differential input types, 
although there are amplifiers which operate only in the noninverting 
mode. 

The general noninverting circuit is shown in Fig. A.4. The signal is 
applied to the noninverting input and a portion of the output signal is 
“fed back’’ to the inverting input. This feedback network then deter- 
mines the overall closed-loop transfer function. When the loop is closed 
the following equations apply: 


Zi assuming that amplifier 
Qe; = 1:4, = & >——_ ‘ : 
Zi + Zr input current 1s zero 


Cp = A(ee eas 1) 


Combining the above equations and allowing the amplifier gain A to 


Fig. A.4 Noninverting feed- 
back amplifier. 
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become arbitrarily large yields 


€o 41 + Zr 


and C2 = @1 (A-3) 
C1 Li 


Thus, the closed-loop gain is always greater than, or equal to, unity and is 
determined by Z, and Zy. If Zp is equal to zero (and Z,; = ©, open 
circuit), the gain is exactly 1.0 and the amplifier acts as a voltage follower; 
the output voltage follows the input voltage exactly. The advantage 
of such a voltage follower, and of noninverting circuits in general, is the 
impedance buffering property, 1.e., 


Z,— © 


Z, — 0 


Such amplifier circuits are widely used to provide isolation of signal source 
and load, thus preventing undesired interactions or “loading” effects. 

Note that the summing point conditions must be generalized slightly 
in extending the analysis to noninverting circuits: 


1. When the operational amplifier is operating linearly with feedback, 
the potentials at the two inputs are equal. 
2. No current flows into either input of the amplifier. 


As in the inverting circuits, the feedback network need not be a simple 
voltage divider but may be a combination of linear and nonlinear ele- 
ments selected to yield a desired transfer function. 

Extension of the analysis technique to more complex circuits 1s rela- 
tively easy. Although idealized amplifiers were used in deriving the basic 
feedback circuit transfer functions, the results are usually quite good as a 
first approximation. However, since real amplifiers can only approxi- 
mate the ideal over limited ranges of voltage, current, and frequency, it 
is necessary to analyze the effects of each amplifier parameter. This is 
the purpose of the following sections. 


A.4 Open-loop Gain 


The open-loop gain is the magnitude of the amplification factor, A 
Although the de and low-frequency gain of such amplifiers may be 
extremely large (typically 10°), it is nevertheless finite and therefore 
contributes a small error term to the closed-loop transfer functions previ- 
ously derived. If a finite gain is assumed, but the other idealized ampli- 
fier conditions are assumed to hold, the following expressions are obtained 
for closed-loop gain: 


Inverting circuit: ee eo (A-4) 
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Co 1 +- Ly /Zy 1/6 


Noninverting circuit: - = (A-5) 

where 

ee as 
1 + Zr/Z1 

The term A@ is usually referred to as the loop gain since it may be thought 


of as the gain around the “loop” formed by the amplifier and its feedback 
network. Note that for both circuits the gain may be expressed as 


B (A-5a) 


eo ideal gain 

— = ———_ =A A-6 

e 1+1/Ap °°” ee 
Thus the accuracy of the closed-loop gain is limited by the amount of loop 
gain available. Usually, A@ will be much larger than unity in order to 
obtain stable closed-loop gain. The expression for closed-loop gain then 
is closely approximated by the expression | | 


Co ‘ : 1 
— (ideal gain) (1 3) (A-7) 
Gain error is given by the 1/A8 term. Since @ is usually fixed by the 
desired circuit function, the gain error is made acceptably low by choice 
of an amplifier with the required value of open-loop gain A. Although 
it is possible to adjust the elements of the feedback network to compensate 
for this gain error term, the temperature sensitivity of the open-loop gain 
places a practical limitation on the ultimate accuracy achievable by this 
technique. 


A.5 Frequency Response and Stability 


At direct current and low frequencies it is usually sufficient to regard the 
open-loop gain of the operational amplifier as a number, A,, which is 
sometimes expressed in decibels: 


Open-loop gain in dB = 20 log A, 


However, for higher frequencies it is necessary to consider the frequency- 
sensitive character of the open-loop gain. The open-loop gain can be 
approximated by a rational function with one or more poles and (possibly) 
zeros. For example, | 


A.(1 + TS) 
(1 + 748)(1 + 7e8)(1 + 738) 


A typical plot of the magnitude of A(jw) versus frequency (Bode plot) 
appears in Fig. A.5. 


A(s) = 
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| (jw)| (4B) 


-6 dB/OCTAVE 
—12 dB/OCTAVE 


—6 dB/OCTAVE 


Fig.A.5 Typical open-loop gain i ja 
response of an operational am- O a , 
plifier. +, ortr > 
4 2 a 3 
—12 dB/OCTAVE 


The closed-loop stability of such an amplifier is established by applica- 
tion of Bode’s criterion. According to Bode’s criterion, the rate of 
closure between the open-loop frequency response, A(jw), and the 
reciprocal of the feedback gain 1/8(jw), must be less than 12 dB per 
octave for a stable closed-loop system. To guarantee sufficient phase 
margin in the most common feedback circuits, the rate of open-loop gain 
rolloff usually is made approximately 6 dB per octave by internal com- 
pensation of the amplifier. The curves of Fig. A.6 illustrate stable and 
unstable situations. Further stability considerations are discussed in 
Chapter 5. 

When the open-loop response of the operational amplifier has a — 6 dB 
per octave rolloff rate, it can be represented by a transfer function having 


A STABLE FEEDBACK AMPLIFIER 
(a) 


Ao 


A (jw)| 


(dB) ~6 dB/OCTAVE 


Ww 
rad/sec 


| A (jw) | 
Fig. A.6 Typical Bode plots for 


stable and unstable systems. Ao = 6 dB/OCTAVE 
(a) A stable feedback amplifier; Awel \ a6 dB /OCTAVE 
(b) an unstable feedback am- (dB) so 

plifier. 


REI eke le 


rad/sec 
AN UNSTABLE FEEDBACK AMPLIFIER 


(b) 
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one pole on the real axis, 
Ao 


a eae er 


(A-8) 


where 
A, = open-loop gain at s = 0 (de gain) 


This expression may be substituted into the closed-loop gain expression 
[Eq. (A-6)] to yield 


ie ideal gain _ ideal gain 
T+ (1 4+ 708)/AoB 1 + (7o/Ac8)8 
1-1 
Inverting circuit: Aci = aa (A-9) 
eae eee 1/8 
Noninverting circuit: Act (A-10) 


7 1+ (To /AoB)8 


The loop gain factor AB determines the accuracy of the closed-loop gain, 
as discussed earlier. At low frequencies both A(jw) and B(jw) may be 
regarded as real numbers and the product A, is generally very large. 
However, for higher frequencies, A(jw) begins to decrease in magnitude 
and exhibit considerable phase shift. The loop gain thus decreases as a 
function of frequency and the closed-loop gain becomes less accurate. 
This behavior is illustrated in Fig. A.7 for simple resistive feedback where 


__ i 
Rr + Ri 


Several points illustrated by the plots of Fig. A.7 are worthy of mention: 


B 


1. The corner frequency (—3-dB point) of the closed-loop gain is given 
by the intersection of the A(jw) and 1/6 curves. 

2. The open-loop unity-gain bandwidth, w, is related to the closed-loop 
-—3-dB bandwidth, w., by the equation 


We 
Wo = B = constant 


Thus the closed-loop bandwidth is proportional to 6. The constant «, 1s 

sometimes called the gain-bandwidth product. | 
3. At low frequencies (where loop gain is high) the closed-loop gain is 

determined by the feedback network. At high frequencies (where loop 


gain is small) the closed-loop gain curve approaches the open-loop gain 
curve asymptotically. 


4, At low frequencies the error term 1/A@ is a real number and is equal 
to the gain error. If Ag is 100 (40 dB), the closed-loop gain error is 
1 percent. 
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2 


b) PHASE PLOT 


Fig. A.7 Illustration of open-loop, closed-loop, and loop gain. (a) Magni- 
tude plots; (b) phase plot. 


5. At high frequencies the error term 1/A8 is approximately 
|1/AB|/+90°. The magnitude of the closed-loop gain is then 
ideal gain 

V1 + |1/A8)? 


Lhus for AB = 10/—90° the closed-loop gain magnitude error is approx- 
imately 0.5 percent. Phase-shift error, however, is larger. In mathe- 


CL 
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matical terms 


IGor| — ideal gain 
———_—_—.——— = 0.005 
Ideal gain 


IGou = ie gain| ~ 0.10 
Tdeal gain 


A.6 Common-mode Signal Considerations 


For differential input amplifiers, the voltage at both inputs can be raised 
above ground potential. The common-mode voltage ecm is defined as 
the average of the two input voltages (Fig. A.8a). 


C1 + Ce 
a 


An operational amplifier responds, ideally, only to the difference voltage 
(eg — e;) and produces no output voltage for a common-mode input 
voltage. However, in practical amplifiers an input common-mode volt- 
age €om generates an output voltage eocm, aS discussed in Secs. 1.3, 1.4, 
and 4.1. Thus a common-mode gain may be defined 


Cocm 
Aois = 


Com 


This output voltage may be referred to the input and may be represented 
bv the circuit model of Fig. A.8b. 

It is customary to define a common-mode rejection ratio (CMRR) as 
the ratio of open-loop (differential) gain to common-mode gain. 


ri | 
CMRR = (A-11) 
Acm 
- or, in decibels, 
CMR(dB) = 20 log CMRR 
CoM 
e, CMRR 
@ 
: e,te, . °20 
2 = 
CM 2 
DEFINITION OF COMMON MODE VOLTAGE CIRCUIT MODEL OF COMMON MODE ERROR 
(a) | (b) 


Fig. A.8 Common-mode rejection concepts. (a) Definition of common-mode 
voltage; (b) circuit model of common-mode error. 
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These definitions tend to obscure the fact that both open-loop gain and 
common-mode gain may be nonlinear functions of signal level. Usually 
the specified value of CMRR represents an average over the signal range. 
Further discussion appears in Appendix B. 

The significance of common-mode rejection ratio in feedback circuits 
will be illustrated by a simple example, the noninverting unity-gain 
circuit (voltage follower) of Fig. A.9. Note that the equivalent common- 
mode input error voltage is included. Equations describing the circuit 
operation are ! 

€2 + Co 


€cm = ~ €2 


2 


€2 
oo A — Go + Sag 
° (- : sae 


3 A 
(1 + A) = = 
ee (a 7 ay, 


Co i: 1/CMRR 
C2 1+ 1/A 


Thus the finite common-mode rejection ratio contributes an additional 
closed-loop gain error term, in addition to that due to finite open- 
loop gain. In many cases the finite common-mode rejection ratio is 
the major contributor to gain error and nonlinearity, particularly in the 
voltage follower configuration. 


(A-12) 


A.7 Input Offset Voltage 


The ideal operational amplifier develops zero output voltage when both 
inputs are at zero potential. Any output voltage which appears under 
the above condition can be replaced by an equivalent de input voltage, 
Vos, referred to as the input offset voltage of the amplifier. The effect 
of this de offset voltage may be analyzed in a feedback circuit such as 
that of Fig. A.10. All signal voltage sources are replaced by short 
circuits. Since it is a de analysis, all capacitors are replaced by open 


Fig. A.9 Common-mode rejec- 
tion in a voltage follower. 
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Fig. A.10 Model of input offset 
voltage.. 


circuits and all inductors by short circuits. Z (0) and Z,(0) then repre- 
sent the effective resistive components of the feedback network. 

The resulting output offset voltage is 
y, = 2O+%Oy Vo ayy 

Z,(0) B(0) 
where 6(0) is the feedback ratio at direct current. 

The expression applies whether the amplifier is used inverting or non- 
inverting with the signal source. The offset voltage and its sensitivities 
to various parameters (temperature, power supply voltage, time, etc.) 
represent some of the most important sources of error in operational 
amplifier circuits. Its origin and thermal sensitivities are discussed in 
Chapter 2. Definitions of these sensitivities (‘drift’) are given in 
Appendix B. 


A.8 Input Bias Current 


Another characteristic of practical operational amplifiers is the need for 
a “‘bias’’ current to flow in each input lead. This current usually repre- 
sents the base or gate current, or a portion of it, required by the amplify- 
ing elements of the input stage, as discussed in Sec. 2.8. These de bias 
currents may be represented by the current generators shown in Fig. A.11. 
Analysis of this feedback circuit yields an expression for de output 
voltage error due to bias currents: 
Rr 


Sieh (1 n a) (A-14) 
1 


Fig. A.11 Model for input bias 
currents. 
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In most operational amplifiers the bias currents to Ip; and Ipe will be 

similar in magnitude and will tend to track one another as temperature 

varies. Thus it is possible to minimize the effects of bias currents by 

equating the coefficients of Ig; and Ip2 in Eq. (A-14). This yields the 
equations 

RrRi 
Re R, +R, (A-15) 
Vo = (Ip1 re Igo) Rr = JosRr (A-16) 


The difference current, Ios = (Ipi — Iz), is termed the input offset cur- 
rent of the amplifier and is usually much smaller than the input bias 
currents. It is not always possible, however, to choose Ri, Re, and 
Rr to satisfy the condition of Eq. (A-15). The relationship of Eq. 
(A-14) is more general and applies for all values of these resistors. 


A.9 Input Noise, Voltage, and Currents 


The inherent noise of the operational amplifier, generated internally by 
resistors and active elements as outlined in Secs. 2.4 and 4.38, may be 
represented by equivalent voltage and current noise generators at the 
amplifier inputs. This model is shown in Fig. A.12 where the amplifier 
is operating in a typical feedback circuit. The total output noise is 


given by 
Zr Jao = ES 
no — 1 ae Z ni ‘ = A-17 
e (1 +7) (Zoli 2) + @,* + Dn + Zr ( ) 


The noise 1s random and has a variety of spectral characteristics depend- 
ing on the active elements used in the amplifier, the internal circuit 
design, and the bandwidth of interest. The bandwidth of the closed- 
loop amplifier determines the amount of noise transmitted to the output. 
The greater the closed-loop bandwidth, the greater will be the noise. 
Closed-loop bandwidth may be limited by the frequency characteristics 


Fig. A.12 Model for input noise. 
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of the feedback network or may be limited by the gain-bandwidth product 
of the operational amplifier. The effects of current noise can be reduced 
by decreasing the impedance levels. This, of course, is not always 
possible since some of the impedance elements may be determined by 
other considerations. 


A.10 Output Impedance 


Since practical amplifiers will have nonzero output impedances, the 
effects of such output impedances must be taken into account. In order 
to evaluate these effects, the circuit model and feedback network of 
Fig. A.13 are analyzed. The resulting equations are 


e, = A(e; ~~ Be.) 


where 
| eae 
Zi + Zr 
Se ee 
° "1 + Zo/Zy + Zo/ (Zi + Zr) 
or 
e, = A’(e, — feo) 
where | 
Rie : (A-18) 


A a ce ae I ae eee eee 
1 + Z./Zy + Z./(Z:1 + Zr) 
Thus the effective open-loop gain is reduced by the factor 


1 
1 + Z/Zy + Zo/(Zi + Zr) 
as a result of the nonzero output impedance and its interaction with the 
load and feedback networks. 


Effective closed-loop output impedance of the amplifier (Zcx) of Fig. 
A.13 is analyzed by assuming an incremental change in load current, Aiz. 


Aeo >= Ai, Zor 


Fig. A.13 Model for open-loop 
output impedance. 
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Also 
AB(Ae.) = Ae, = Aeo + AizpZo 
Thus 
= ° Lo — e 7, 
Aeo = An a3 a AlL4ci 
and 
Lo Zo 
leu = qe ~ (A-19) 
if 
AB> 1 


In words, the equation states that the effective closed-loop output 
impedance is less than the open-loop output impedance by a factor equal 
to the reciprocal of loop gain. 


A.11 Input Impedance 


In the idealized model of the open-loop operational amplifier, the input 
impedance is assumed infinite. In practical operational amplifiers, there 
are two components of input impedance which must be considered. The 
impedance between the two input terminals is the differential input 
ampedance Zia. Impedance from either input to common is designated 
common-mode input impedance Zicm. 

The effects of these finite impedances may be evaluated for both invert- 
ing and noninverting operation, using the circuit of Fig. A.14. The 
expression for output signal becomes 

eo(1 ik Lr/Zy aie Zy/Ziem) = e1(Zr/Z1) 


7 ct 4r/ Liem) A-2 
= 1+ 1/Ag’ 1 + 1/Ag’ ey) 


Fig. A.14. Model for open-loop 
input impedance. 
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where 
1 


"Te De Di Da Lia. Dea) Dn 


Note that the feedback factor is modified by consideration of these finite 

input impedances. Also, the expression for noninverting gain is slightly 

modified [compare Eqs. (A-20) and (A-21) with (A-4), (A-5), and (A-5a)]. 
The signal current flowing into the noninverting input is 


ex(1 + Zr/Zi + Zr/Liem) . 2 
AQ + 1/A8’) Zia Liew, 


B’ (A-21) 


a 


(for e; = 0). Examination of this expression with a few simplifying 
assumptions allows a better understanding of its meaning. If 


JAB’) >>10 Zr K Liem 
B= p’ 
then 
C9 C9 
~ ABZia = Lies 


lp 


These two terms represent input impedances in parallel. Thus the non- 
inverting input impedance is expressed as 


i 


a 
1/ABZia + 1/Zicm 


(A-22) 


The input current for inverting operation is 


a &1 ¢ _ a) 
Dy (1 + 1/Ap’)A 


(fore, = 0). For|Ag’| > 1.0, this reduces to 


and the inverting input impedance is given approximately by 


Zi ~ Zy (A-23) 


For most feedback circuits, the effects of finite input impedances on 
closed-loop gain are negligible at low frequency. However, at higher 
frequencies the input capacitance can be very significant—sometimes 
dominant—in determining closed-loop frequency response. 
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A.12 Other Parameters 


A good many other parameters are generally specified for operational 
amplifiers. Many of these are specified as sensitivities of the parameters 
already discussed to temperature, power supply voltage, and time. 
Others simply specify design limitations such as rated output voltage 
and current, rated common-mode voltage, power supply drain current, 
etc. Slew rate and full power response frequency are also commonly 
specified. These are defined and discussed elsewhere (Appendix B and 
Chapter 5). 


APPENDIX B 


DEFINITION AND MEASUREMENT 
OF PERFORMANCE CHARACTERISTICS 


Defined in this appendix are the parameters commonly used to character- 
ize operational amplifier performance. In each case practical test circuits 
for parameter measurement are presented and described in conjunction 
with the common measurement conditions. The conditions under which 
- agiven measurement is made will sometimes vary between manufacturers, 
and such differences are examined. In the following discussion the opera- 
tional amplifier parameters are presented in the four categories of open- 
loop differential characteristics, output signal response, input error signals, 
and common-mode characteristics. 


B.1 Open-loop Differential Characteristics 


By itself an operational amplifier is an open-loop device, and its character- 
istics measured under this condition determine much of its performance in 
feedback applications. As outlined in Appendix A, many closed-loop 
characteristics can be predicted from the basic amplifier open-loop 
parameters and the feedback loop gain. Open-loop parameters then 
serve as reference points from which the associated characteristics in 
444 
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almost any closed-loop application can be computed. Defined and 
described in this section are the open-loop voltage gain, output resistance, 
input resistance, input capacitance, and unity-gain bandwidth. 


B.1.1 Open-loop voltage gain A This is the ratio of output signal 
voltage to differential input signal voltage. 

The de open-loop gain level Ao is commonly specified; however, it is 
measured with an ac signal in order to discriminate the signal from the 
amplifier de offset voltage. As long as the measurement frequency is 
much lower than the first amplifier pole frequency fp1, the measured gain 
will equal the de level. Since this gain is typically very high, careful 
shielding must be used to avoid hum and noise which can overshadow the 
microvolt-level differential input signal. In some cases the open-loop 
voltage gain is measured under a specific load. Although this auto- 
matically includes the effect of this particular load in the gain measure- 
ment, it complicates the computation of gain under different load con- 
ditions. The open-loop gain measured without a load provides a 
convenient reference from which the effect open-loop gain under a given 
load can be found by considering its loading effect upon the open-loop 
output resistance. When the open-loop gain known is that for a specific 
load, it must first be translated into the unloaded value before the effective 
gain under a different load can be found. 

Although the ac testing avoids measurement error from the de input 
offset voltage, the effect of this voltage must still be removed if the mea- 
surement is to be made in the open-loop state since high gain amplification 
of this voltage results in output saturation. In the test circuit of Fig. 
B.la the input offset voltage is counterbalanced by a de input voltage 
supplied with a potentiometer through a voltage divider. Alternatively 
the effect of the de input offset voltage can be removed by applying heavy 
feedback at very low frequencies, asin Fig. B.1b. In this case the closed- 
loop de gain is zero and the offset is not amplified while the feedback is 
chosen so that it does not constrain the amplifier gain at the test fre- 
quency. However, the charging of the large capacitor C to the input 
offset voltage level through the high feedback resistance R slows this test. 
In each above circuit an attenuator is used to reduce the input signal 
voltage to an appropriate level for output swings of at least 20 percent of 
the output voltage rating. Also using these circuits the gain magnitude 
frequency response is drawn from a series of measurements at increasing 
frequencies. At higher frequencies the output signal level must be 
decreased to avoid distortion, and the amplified noise begins to interfere 
with the measurement. This problem is removed by applying feedback 
to limit the amplifier gain presented to the noise. As long as the closed- 
loop gain established by the feedback is around 50 or more times the 
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Fig. B.1 Open-loop test circuit. 


open-loop gain at the measurement frequency, the response measurement 
is not affected. Such feedback is readily applied to the circuit of Fig. 
B.1b by connecting a gain-limiting resistor in series with the capacitor C. 

Open-loop voltage gain can also be measured under closed-loop condi- 
tions with a specified output level by measuring the associated small 
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differential input signal voltage of the amplifier. For such a measure- 
ment the effect of the input offset voltage is again constrained by feed- 
back, but no capacitance charging delay results. As indicated in Fig. 
B.1c, the output level for this measurement is fixed by the unity-gain 
feedback to a level very nearly equal to the input signal voltage. In 
order to obtain a more accurate measurement of the small differential 
input voltage e; the voltage divider shown is inserted between the sum- 
ming junction and the amplifier input. As a result, feedback forces the 
summing junction to be an amplified replica of e; which is far easier to 
measure. As long as the summing junction signal is very small in com- 
parison with the output signal, the divider introduces only a small error. 

Frequently the first amplifier response pole occurs below 50 Hz, 
especially for amplifiers with a continuous —6 dB per octave response 
slope. Gain measure with an ac signal frequency well below this pole 
frequency is complicated by the low-frequency limitations of common 
meters and test oscillators. To permit gain measurement at 1 Hz or 
lower, the test circuit of Fig. B.2 can be used without the need for a test 
oscillator or ac meter. As shown, the amplifier under test is connected 
in the feedback configuration of Fig. B.1c, which develops an amplified 
replica of the differential input voltage at the junction of the summing 
and feedback resistors. In this case the test signal is supplied by the 
1-Hz square-wave generator formed with Aj, and the output of the am- 
plifier being tested would be a square wave of rated output level. The 
associated summing junction signal is separated from its de offset voltage 
by the 10-uf coupling capacitors and the FET switches. By switching 
one end of a coupling capacitor to ground on one half cycle, the signal 
swing at that point is referenced to zero on the other half cycle. Asa 
result, the inputs to the differential instrumentation amplifier are two 
ground-referenced square waves as shown with amplitudes which equal 
that of the summing junction signal. These square waves are of opposite 
phase and polarity since they result from opposite phase switching. By 
amplifying the difference of these two signals, the instrumentation 
amplifier produces a de output related to the amplitude of the summing 
junction signal and, thereby, to the de gain as expressed. This de output 
is produced in only one cycle since the switches rapidly charge the cou- 
pling capacitors. To avoid response sag on this signal the instrumen- 
tation amplifier should be a high input impedance FET type. 


B.1.2 Output resistance Ro This is the effective output source resis- 
tance when operated open loop. 

Using the open-loop parameter test circuits of Figs. B.1 and B.2, the 
output resistance of an operational amplifier is measured by observing the 
low-frequency gain decrease produced by the load. The gain decrease 
results from the output voltage division across the output resistance and 
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Fig. B.2. A 1-Hz open-loop test circuit. 


the load resistance, and the loaded gain is 


t Rr 
Ao = = 
° Ro + Rt 


Then the output resistance will be 


Ao 
Ro = ( — 1) Rx 


Note that for the closed-loop measurement circuit of Figs. B.le and B.2 
the feedback resistance also represents a load to the output. From the 
open-loop output resistance found in this way, the analogous resistance 
under closed-loop conditions can be approximated by the open-loop value 
divided by the loop gain as indicated in Appendix A. 


Ao 


B.1.3 Differential input resistance R; This is the effective resistance 
between the two inputs when operated open loop. 

This resistance characteristic is also measured by observing the open- 
loop gain loss from a voltage divider formed with the resistance. With 
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the open-loop test circuit of Fig. B.la the gain loss resulting from inser- 
tion of the two source resistances Rg in Fig. B.3 is measured. Either of 
the other open-loop gain measurement circuits can also be used. The 
capacitors paralleling the source resistances help to reduce high-frequency 
noise. When the switches are opened, the gain will decrease because 
of input loading, as indicated by a drop in e, to a new value of 


yee eae 
° — 2Re + Rr 
as long as the test frequency is much less than 44rRgCg. From this 
measurement the input resistance can be found as 


/ 


Ry 2 Re 


/ 


Two source resistances Rg are inserted to balance out the effect of stray 
output signal coupling to the inputs by the added resistance. With 
equal resistances added to the two inputs the signals coupled to each input 
will be nearly equal and thereby eliminated by the amplifier common- 
mode rejection. However, this measurement remains extremely sensi- 
tive to such stray feedback which makes shielding, short input leads, 
and low values of Rg necessary. For the high input resistance provided 
by an FET or varactor input stage this measurement is not feasible, but 
it is seldom necessary to predict accurately such a high input resistance. 
From the results of Appendix A, the open-loop input resistance found. 
in this test can be related to that of the closed-loop case. The closed- 
loop resistance is approximated by the open-loop value multiplied by the 
loop gain. However, the closed-loop differential input resistance 1s 
limited to the level of the common-mode input resistance which shunts 
the inputs. 
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Fig. B.3 Test circuit for differential input resistance and capacitance. 
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B.1.4 Differential input capacitance C; This is the effective capaci- 
tance between the two inputs when operated open loop. 

This capacitance can be measured in the Same manner as was the dif- 
ferential input resistance above. However, the stray coupling problem 
is even more severe at the higher frequencies used here, and a well- 
shielded test fixture is imperative. The frequency at which the test is 
to be performed should be chosen considering the frequency-independent 
nature of the value of the input capacitance. In general, the differential 
input capacitance is largely Miller-effect capacitance at low frequencies. 
As described in Sec. 1.2, this capacitance drops to a much lower value at 
higher frequencies when the first-stage gain falls, reducing the Miller 
effect. The high capacitance at low frequencies may not represent 
a significant shunt to the input resistance or to normal source resistance 
levels. In this general case the higher frequency input capacitance is 
of more interest. 


B.1.5 Unity-gain bandwidth f, This is the frequency range from direct 
current to that frequency at which the open-loop gain crosses unity. 

Because of slewing rate limiting only small-signal response is achieved 
at this frequency, and the output test signal should be observed to ensure 
that the amplifier is in linear operation. The small output signal in 
this test would be significantly affected by the highly amplified noise 
common to the open-loop test circuits. For this reason the unity-gain 
bandwidth is measured in a lower-gain closed-loop circuit such as Fig. 
B.4. As long as the closed-loop gain limit imposed by the feedback is 
far greater than unity the response near the unity-gain point is not 
significantly altered by the feedback. 


B.2 Output Signal Response 


Many factors limit the output signal performance of operational ampli- 
fiers. To characterize this performance, the parameters frequently speci- 
fied include the rated output, slewing rate, full power response, settling 
time, and overload recovery time. Each of these is defined in this sec- 
tion with associated test circuits. 


Fig. B.4 Unity-gain bandwidth 
= 7 test circuit. 
f,= THAT FREQUENCY FOR WHICH e, =-e, 
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B.2.1 Rated output Rated output is the peak values of output voltage 
and current which can be simultaneously supplied. 

This parameter is simply measured using a low-frequency output volt- 
age which swings to the positive and negative limits. An output load is 
connected which, in conjunction with the feedback resistor, would raise 
the peak output current to its rated level at the rated peak voltage. 
The resulting output swing limits define the amplifier output capabilities. 
Since output current limiting can limit the output voltage swing under 
load, the two output signal ratings are interdependent and specified 
together. 


B.2.2 Slewing rate 8, This is the maximum rate of change of output 
voltage when supplying the rated output. 

In general, slewing rate is measured in the unity-gain voltage follower 
circuit of Fig. B.5a as this is most often the worst-case condition. With 
this circuit the amplifier common-mode swing limitations which would 
affect slewing rate are also included in the test. Alternatively the 
measurement can be performed in an inverting circuit such as Fig. B.5b. 
The inverting test is most commonly used for single-ended input ampli- 
fiers. Once again the feedback resistor Re acts as part of the output load. 
With either circuit the amplifier is driven by a high-frequency square 
wave of sufficient magnitude to drive the output beyond its rated level. 
The output is overdriven in both directions as represented in Fig. B.6 
in order to remove the rounded peaks from the measurement interval as 
these portions are not slewing-rate-limited. From this response the 
slewing rate is found as the slope of the transition between the rated 
output extremes. Frequently the positive and negative swings will 
have different slewing rates, and both must be examined. In such a 
case the lower slewing rate is commonly specified. 


(a) _ (b) 


Fig. B.5 Test circuits for slewing rate and full power response measurement. 
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B.2.3 Full power responsef, This is the maximum frequency at which 
rated output can be supplied without significant distortion. 

This response limit is often a result of the rate limiting which determines 
slewing rate above. In this case the rate limiting affects sinusoidal 
signals by limiting their slopes. By equating the maximum slope of a 
sine wave to the slewing rate, full power response is related to 8S, by 


S; 
ty = 2a Kor 


where E,, is the rated output voltage. The full power response can be 
independently measured using a sinusoidal signal with the circuits of 
Fig. B.5, which were described above, for the slewing rate test. For 
measurement the signal frequency is increased until the maximum fre- 
quency is found for which the rated output can be maintained without 
significant distortion. In general, the distortion is eliminated by feed- 
back until the limiting frequency is reached, and so a rough visual 
evaluation is satisfactorily accurate to define f,. Distortion levels of a 
few percent can typically be detected in this test, because of the obvious 
effect of the limiting. When measuring the f, of fast amplifiers in the 
noninverting gain circuit of Fig. B.5b, it may become necessary to 
increase the input signal amplitude as the open-loop gain drops below 
the desired closed-loop gain level. Alternatively, unity-gain feedback 
can be used to avoid output signal decrease from the open-loop gain drop. 


B.2.4 Settling time t, Settling time is the time following application 


of a step input required for output voltage settling to within a specified 
percentage of its final value. 


Oo min 


Fig. B.6 Slewing rate test signal. 
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Fig. B.7 Output signal settling time. 


As defined, the settling time is a measure of the time for which an opera- 
tional amplifier does not provide an accurate output following a rapid 
signal change. In general, t, is specified for rated output voltage and 
current transitions in a unity-gain circuit and for an error band of 0.1 or 
0.01 percent of the rated voltage level. Such a measurement is repre- 
sented on the signal waveform of Fig. B.7. Note that the rise time con- 
trolled by slewing rate is included in the settling time, as this is part of 
the time for which the output isin error. In practice the specified error 
band is too small to observe with the output signal directly, and it is 
necessary to separate the error from the signal for measurement. Thisis 
achieved in unity-gain measurement circuits by subtracting the output 
signal from the input signal. 

When a unity-gain inverting test circuit is used as in Fig. B.8, this 
subtraction is readily achieved with the added Re resistors which sum the 
input and output signals. Only the error signal attenuated by a factor 
of 2 appears at the junction of these resistors if they are matched and if 
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Fig.B.8 Settling time measure- “o 
ment circuit. 
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the gain is exactly unity. This error signal can be observed on an oscillo- 
scope, but the oscilloscope must have an overload recovery time which is 
small compared with t, in order to accommodate the large initial error 
signal. Care must be taken to avoid stray lead capacitances which can 
greatly alter the results of this test. The resistors R; and Re are made 
small to further reduce the effects of such capacitances, and these resistors 
serve as the load resistance. When the settling time of the noninverting 
configuration is to be measured, a high-speed differential amplifier is used 
to subtract the output signal from that at the input. Such differential 
amplifiers are included in some high-speed oscilloscopes, but fast overload 
recovery must also be assured. 


B.2.5 Overload recovery time ‘This is the time required for the output 
to return to linear operation from saturation following removal of an 
overdrive signal. 

The recovery time depends somewhat upon the degree of overload and 
the feedback impedance. A common test condition is that achieved with 
the circuit of Fig. B.5b using a square-wave input signal of a level which 
is twice that needed to reach output saturation. This is a 100 percent 
overdrive condition. Measurement is made by observing the time delay 
between the input and output signal. 


B.3 Input Error Signals 


Input error signals which limit the signal sensitivity of operational ampli- 
fiers are produced by de biasing and noise as described in Chapters 2 and 
4. The de biasing errors are represented by the equivalent input offset 
voltage, input bias currents, input offset current, and their thermal drifts. 
As described in the same chapters, noise is represented by the equivalent 
input noise voltage and input noise currents. By defining these error 
signals as equivalent input signals, a representation results which is 
valid for any feedback configuration. 


B.3.1 Input offset voltage Vos This is the differential de input voltage 
required to provide zero output voltage with no input signal or source 
resistance. 

As will be described later, the input offset voltage varies with tempera- 
ture and power supply voltage. The offset is most commonly specified 
at room temperature for rated power supply voltage. Frequently a 
maximum offset over the operating temperature range is also specified. 
To facilitate the measurement of the input offset voltage a high-gain test 
circuit is used to amplify the offset as indicated in Fig. B.9. 
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B.3.2 Input offset voltage drift This drift is the rate of change of input 
offset voltage with temperature, power supply voltage, or time. 

Each of these drift characteristics can be measured by using the input 
offset voltage test circuit of Fig. B.9 to measure Vos at several tempera- 
tures, power supply levels, or times. The drifts are commonly measured 
as average drifts over a specified range to simplify measurement and 
specification. Testing is then required at only a few points of the speci- 
fied range to provide the average drift figure. However, care must be 
taken to avoid averaging two large but opposing drifts over different 
portions of the specified range. The average of such a U-shaped drift 
curve would be deceptively small. For this reason a measurement is 
commonly made at an intermediate point of the range. From this inter- 
mediate measurement and two end point tests the two separate drifts 
are computed, and their magnitudes are averaged to define the average 
drift. The input offset voltage drift as a function of temperature is 
defined in this way by 


(2s _ |Vos(T:) — Vos(25°C)| + |Voa(Ts) — Vos(25°) 
dT Av |Ts ~~ T| 


where the specified temperature range is from T, to T, and the intermedi- 
ate point is 25°C. Similar expressions can be used to evaluate drift 
versus power supply voltage and time. 


B.3.3 Input bias current Ip This current is the de biasing current 
required at either input to provide zero output voltage with no input 
signal or offset voltage. 

As described in Chapter 2, the input bias current is the base current of 
bipolar input transistor or the gate leakage current of an input FET. 
This current is commonly specified at room temperature and over the 
operating temperature range. Generally the specified limits are maxima 
applying to either input bias current; however, the limits are sometimes 
applied to the less definite average of the two currents. The input bias 
currents are measured by forcing them to flow in large resistors, as in the 


Fig. B.9 Input offset voltage 
test circuit. V S 


456 APPENDIX B 


test circuit of Fig. B.10, which are bypassed to reduce noise. Because 
of the large resistors the output voltage created by the input bias currents 
overshadows that due to Vos with bipolar transistor input amplifiers. 
The output voltage is essentially the product of one of the resistors and 
the associated current. For FET input, chopper-stabilized, and varactor 
amplifiers the higher resistance levels are used to measure the very low 
gate currents, and it is typically necessary first to null the input offset 
voltage. 


B.3.4 Input bias current drift This is the rate of change of input bias 
current with high temperature, power supply voltage, or time. 

The average drifts are generally measured by using the test circuit of 
Fig. B.10 with the average defined in the same way as was the average 
input offset voltage drift above. 


B.3.5 Input offset current Ios This is the difference between the two 
input bias currents. 

This difference current is measured as indicated in Fig. B.10. Since 
‘the measurement takes the difference between two currents which are of 
the same order of magnitude, it is necessary to match the two resistors to 
within about 0.1 percent. | 


B.3.6 Inputoffset currentdrift This drift is the rate of change of input 
offset current with temperature, power supply voltage, or time. 
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Fig. B.10 Measurement circuit for input bias currents and 
input offset current. 
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The average drifts are generally measured by using the test circuit of 
Fig. B.10, with the average drift defined in the same way as was the 
average input offset voltage drift. 


B.3.7. Input noise voltage ce, This is the equivalent differential input 
noise voltage which would reproduce the noise at the output if all am- 
plifier noise sources were set to zero when the source resistances are zero. 

The small input noise voltage is most conveniently measured in a high- 
gain circuit which amplifies the noise, such as that of Fig. B.11. An 
output filter is used to limit the measurement to that noise within the 
specified bandwidth. Note that the closed-loop response of the amplifier 
must encompass this bandwidth for accurate amplification of the noise in 
question. Although a truly rectangular filter passband including only 
the specified frequency range is not possible, a known filter response can 
be related to an effective rectangular passband as discussed in Sec. 4.3. 
For a single-pole low-pass filter with a pole at f, an effective noise band- 
width is defined by Eq. (4-36) as 


vie 
f= oh 


For measurement the circuit requires an exceptionally well-shielded 
environment, particularly if the measurement passband includes the ac 
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Fig. B.11 Measurement circuit for equivalent input noise voltage and input 
noise currents. 
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power frequency. An enclosed test fixture should be used with a low- 
noise power supply such as a battery. Care should be taken to avoid 
noise coupling from adjacent electrical equipment or wiring. 


B.3.8 Inputnoise currenti, This current is the equivalent input noise 
current at either input which would reproduce the output noise if the 
amplifier noise sources were set to zero when the associated source 
resistance is large compared with e,/in. 

By inserting large source resistances in series with the inputs, as shown 
in Fig. B.11; an output noise can be developed which is essentially the 
product of either noise current and a source resistor Rs. However, care 
must be taken to ensure that the output noise due to i, is greater than the 
thermal noise of Rg as well as greater than e,. As discussed in Sec. 4.3 
and displayed in Fig. 4.8, the thermal noise of Rg can mask that created 
by i, over certain source resistance ranges. Although the noise currents 
are generally distinguishable for bipolar transistor input amplifiers, the 
smaller noise currents of chopper-stabilized, varactor, and FET input 
operational amplifiers can be masked by the thermal noise of Rg. The 
latter noise from Sec. 1.4 is 


ne ENEEOEny 


ee Ro 
nG ~— Re 


where fg is the measurement bandwidth. Because of this thermal noise, 
the above current noise test is not generally recommended or needed for 
FET input or varactor amplifiers. The same shielding outlined for the 
- input noise voltage measurement should be observed here. 


B.4 Common-mode Characteristics 


The input ground isolation and noise rejection provided by the common- 
mode signal capabilities of an operational amplifier are defined by four 
basic parameters. These are the common-mode input resistance, input 
capacitance, rejection ratio, and voltage range. 


B.4.1 Common-mode rejection ratio CMRR This is the ratio of the | 
differential voltage gain to the common-mode voltage gain. 

As expressed, the CMRR is a figure of merit comparing the gain received 
by differential signals with that received by common-mode signals. The 
common-mode gain is often a nonlinear function of the common-mode 
voltage level, especially for FET input amplifiers. For this reason the 
full common-mode voltage swing must be used in measuring CMRR to 
result in a figure which applies over the rated common-mode voltage 
range. This is achieved by using the difference amplifier circuit of Fig. 
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B.12. For well-matched or balanced resistors as indicated, the signal at 
the two inputs is essentially a common-mode signal. However, the 
common-mode unbalance of the amplifier produces an output error 
voltage and an associated differential input voltage ei; = e./Ag. Then 
the common-mode rejection ratio can be written 


This can be rewritten considering 


‘ _ Bit ky. 
oO Ri 


i 


and 
Com = Cs for Re > Ri 


The common-mode rejection ratio is then expressed simply in terms of the 
input and output signals by combining the last three relationships to get 


Ri + Re es 


CMRR = 
Ry Co 


B.4.2 Common-mode input resistance Ri.. ‘This resistance is the 
effective resistance between either input and common. 

This test 1s analogous to that employed for the measurement of 
differential input resistance. By inserting a bypassed resistance in series 
with the input in Fig. B.13, a voltage divider is formed with Riem which 
attenuates the signal as expressed by 


ro Fic e 
° Riem se Re ° 
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Fig. B12 Common-mode rejection measurement circuit. 
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Fig. B.13 Common-mode input 
resistance test circuit. 


The common-mode input resistance 1s found by noting the output signal 
change and using this change in the resulting expression for Ric: 


/ 
Co 
Rrom = Re 


/ 
Co — Cy 


For FET input and varactor amplifiers this measurement is severely dis- 
turbed by noise and stray capacitance signal coupling, because of the 
very large value of Rg required. However, it is seldom necessary to 
know accurately this large resistance, and it is generally sufficient to 
consider the levels predicted from component characteristics. 


B.4.3 Common-mode input capacitance C;., This capacitance is the 
effective capacitance between either input and common. 

The capacitive portion of common-mode input impedance is measured 
in a manner analogous to that of Fig. B.13 for the input resistance. 
Greater care is needed in shielding to avoid feedback signal coupling 
through stray capacitances. 


B.4.4 Rated common-mode input voltage This is the peak value of 
common-mode input voltage which can be applied for linear operation. 

The common-mode voltage range is typically limited by saturation of 
the input stage. The saturation point is readily detected in the CMRR 
test circuit of Fig. B.12 by observing the input voltage level which results 
in a sudden, large increase in output voltage. 


APPENDIX C 


SENSITIVITY OF ACTIVE FILTERS 


C.1 Sensitivity Fundamentals 


Sensitivity is a measure of the change in some performance characteristic 
of a network resulting from a change in value of one or more of the ele- 
ments of the network. Thus sensitivity functions are useful for evaluat- 
ing changes in network performance due to element value tolerances or 
to element value changes with time and temperature. In this appendix 
the sensitivities of the magnitude of the voltage transfer function 
[H(jw)| = G(w), of the phase ¢(w), and of the group delay r(w) with 
respect to changes in H,, a, and w, are derived. Then in each section 
describing specific circuits, the sensitivities of these parameters with 
respect to circuit element changes are presented. The sensitivities of 
the magnitude of the filter voltage transfer function G(w) = [H(jw)| and 
the phase ¢(w) are of interest because these quantities are used to specify 
and to evaluate filter performance. Furthermore, these are the quantities 
measured by an ac voltmeter and a phasemeter. Another network 
function is the group delay 7(w), which is important in applications requir- 
ing a linear phase characteristic (constant group delay). 

461 
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C.1.1 Definition of sensitivity The symbol § is used to denote sensi- 
tivity. In addition, a superscript character is used to indicate the 
performance characteristic that is changing, and a subscript character 
is used to indicate the specific element or parameter that is causing the 
change. The sensitivity of a network function N(w) with respect to a 
parameter x is defined by 
gN L dN(w)/N@) x dN(@) 
*  dx/x ~ Nw) dx 

It must be emphasized that sensitivity functions are theoretically valid 
only for infinitesimal changes. However, as a practical matter, the 
sensitivity function is sufficiently accurate for changes in element values 
or network parameters of 5 percent, or even 10 percent in some cases. 

Note that changes in N and x have been normalized so that the 
sensitivity function actually specifies percentage changes from the 
nominal values of N and x. 

A modification of this sensitivity definition is useful for filter applica- 
tions. In such applications the magnitude of the voltage transfer func- 
tion is usually expressed in decibels, | 


g(w) = 20 log G(w) 


It is perhaps more useful then to have a sensitivity function that answers 
the question: How many decibels does the magnitude of the filter response 
change for a given normalized element value change? In mathematical 
terms we want 


ge&= dg 

7 dx/x 

where 8,2 is the wnnormalized change of the magnitude response 2n 
decibels for a normalized change in the network parameter or element x. 
We can find 8, in terms of 8,°. 


_ dg(w) — d[20 log G(w)] 


S.2 = = 
dx/x dx/x 
- dflog. G(w)] 
= 20 loge ink 
~ 9.695899 TAw/E) 
dx/x 
S.% = 8.758,& 


The sensitivity of the network functions G(w), ¢(w), and r(w), discussed 
in the preceding section, to changes in the network parameters Ho, wo, 
and a for single real pole and complex pole pair filter sections for low-pass, 
high-pass, and bandpass will now be presented. 
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C.1.2 Low-pass sensitivity functions 


Single Pole 


G2 
Bee = 1 
Sx,% = 1 
Sie _ sin 2¢ 
° 26 
So.” = 2sin? @ — 1 = — cos2¢ 


Complex Pole Pair 
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C.1.3_ High-pass sensitivity functions 


Single Pole 


Wo? G? 
Seen = a 
Sa,¢ = 1 
eee + sin 2¢ 
° 2 
So.” = +2 cos? @ — 1 = cos 2g 


Complex Pole Pairs 
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2Wo ‘ sin 26 
S. ¢ = —— 2 
A re sin? @ + 36 
G6 = sin ed 
Se” ~ (ein = =o _ “ eae 24) £ Su? ae 281 sin’ 
Wo QAWoT 
wi sin 2¢ _ # - = 62) $ ee 2 sin? 
a QWoT 
=] 
C.1.4 Bandpass sensitivity functions 
Complex Pole Pairs 
G? Wo 
S..9 = 1 ans (2° + ot - 2) 
a 
De" = —SaF =]- H.? 
2Wo sin 2 
S..% = —— sin? @ — 
° awd : ® 2 
g¢ = — sin 2¢ 
2¢ 
fe) 2 P 2, 2 
8.7 = (* cos 2¢ — — sin 24) e S.,,¢ — 4 Cost @ 
m a WoT QWoT 
2 2 cos? b 
Se” = (: Core ~ = sin 29) £8, Pa oie 
o QW oT 


In the bandpass case the sensitivity functions S,“, S,°, and 8, are 
probably of more interest than 8,°. §,° would be useful for evaluating 
the sensitivity of stagger-tuned bandpass filters. S,*% is important for 
applications when a phase match must be maintained between two filters. 


C.1.5 Some sensitivity identities In following sections that describe 
actual filter realizations, the sensitivity of the network parameters 
a = 1/Q, wo, and H, to element value changes will be given. Using these 
sensitivity equations along with those sensitivity equations given above, 
and through the use of several identities relating sensitivity functions in 
‘general, we will be able to find the sensitivity of the magnitude, phase, 
and group delay to individual element value changes as well as develop 
_ sensitivity equations for filters involving several pole pair sections. 
Some useful identities involving sensitivity functions follow: 
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1S," =n 


Ed Oe ee > S73 aw = a(x) 
i=] 


[] view 2 
3. SJé°1 = ) S.% 
2 
4. SO lv) = §,4 — S.” 
5. Sk" = n§,y¥@ 
6. If ) yi(x) = %, 


i=l 
n 


C.2. Application of Sensitivity Functions 


As an example of the use of sensitivity functions for one stage, consider a 
complex pole pair stage with resistors R; and Re and capacitors C; and C2. 
It is desired to find out how much the magnitude, phase, and group delay 
change when all these parameters change. Let 6,, = dxi/xi be the nor- 
malized change in element x;. The new magnitude response will be 


Gnew = Goia(1 + Sr,Sdr, + Sr,Sbr, + Sc,F5c, + Sc,%5c,) 
where we have obtained 8z,%, Sr,%, etc., from 
Sr.f = Su,%Sp2° + 8,,,6Sr,2 + SaoSr,2 
The normalized incremental change in G is then 


Gse o Gola 
Gola 


Thus, in general, we can write for a single stage 


ig = = (Sr,Cdr, + Sr,Fbr, + Sc,F5c, + Sc,%dc,) 
oq = > De On 
iat 


where n is the number of elements being considered. Phase and group 
delay are analyzed in the same manner and yield 


64 = 2 Sx:? bx; 
a 
$, = 2 S...7bx, 
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Now let us calculate the incremental change in the magnitude response, 
phase, and group delay of several cascaded stages for changes in element 
values. Let 6g, = dGi/Gi be the normalized change in G;. The new 
gain of M cascaded stages is 


M M 
Gnew = ll Gi(1 + 4g,) Goa = I] Gi 
i=1 i=1 
The normalized change in overall gain is then 
M 
bo = [] A+ be) -1 
i=1 


Substituting from above the 6g, for each stage, the overall normalized 
change in magnitude for M cascaded stages is — 


= I (1+ b) S,.41,,) — 1 


where n; 1s the number of elements being considered in each jth stage. 
For example, consider a four-pole, two-stage filter. We want to cal- 
culate the effect of the capacitor tolerance on the magnitude response. 
First we calculate | 


Sc,% = Su, %8¢,F + Se,%'Sc0,71 + Seo, 80,°" 


and similarly So,%:.. The 8, SoH, Sc,%i, and So,“ are numbers obtained 
after the particular circuit realization has been designed. The Su,.%, 
Sa, and 8.4 were derived earlier in this section for each particular 
single-pole or complex conjugate pole pair low-pass-, high-pass-, and 
bandpass-type filter stages. Sc,S: and Sc, are also calculated as above. 
Thus, for the overall filter 


dg = (1 + 8o,%6¢, + So,%6¢,) (1 + So,O%6c, + ScS%6c,) — 1 


If the tolerances on the capacitor are +10 percent, then 69, = +0.1. 
Worst-case choices for the sign 6 will depend on the sign of Sc,“ for a 
particular w. 

Remember 6g is a function of w. Once an w is chosen, dg will be 
determined. Suppose at w = wa, Sc,% = So, = 8o,O = SoS? = 0.2 
and 60, = +0.1. Then 


cae 
G 
Sq = 0.082 or 0.71 dB 


Qu 


dg = 


= (14+ 0.02 + 0.02)(1 + 0.02 + 0.02) — 1 
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For an individual stage the normalized change in phase for normalized 
changes in element values is 


66; = x Sxi° bx; 


where n; is the number of elements being considered. For M cascaded 
stages the new phase is 


Pnew o(1 ce 54;) + d2(1 a 54,) a ou (1 a Sox) 
M 
Pold = » 06; 


i=] 


The normalized change in total phase is then 


ae new “a Pold i=l 


Pola y é: 


bg 


For our four-pole example we first calculate 
Sc,” = SaPSo,™ + So,?8c 2% 


and similarly Sx,*. Again the Sc,* and Sc,°e depend on the circuit 
realization, and the S,,% and S.,,,% are given earlier in this section. Sc,* 
and Sc,*: are also calculated as above. Thus, for the overall filter 

5, — PiWcirdc: + 8o,%8c,) + o2(8e,%6c, + 8c,%dc,) 
: i + de 


As a numerical example, suppose 
Sc,” — Sc,%! —— So,” — So,*? = 0.03 ; at WD = WA 


so that dc, = dc, = bc, = bc, = 0.1, and that ¢1(wa) = 0.628 radian and 
é2(wa) = 1 radian. Then 


_ 0.628(0.003 + 0.003 + 0.003) + 1(0.003 + 0.003) 


5 
e 1.628 


5, = 0.006 
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468 
The discussion for phase also applies to the group delay 7 since, like phase, 


the group delays of individual stages add. 


For an individual stage then 
ni 
o, = y Sx; Ox; 


L221 


and for M cascaded stages 


INDEX 


Ac amplifiers, 222-225 
Ac to de converter, 248-249 
Active filters, 282-326 
band-reject, 286-287 | 
bandpass, 286-287, 291-295, 299-303, 
307-313 B 
basic characteristics of, 283-284 
circuit elements, 317-319 
controlled-source, 295-303 
effect of bias current, 313-314 
effect of offset voltage, 313-314 
effects of finite gain, 314-316 
high-pass, 285-286, 290-291, 298-299 
low-pass, 284-285, 288-290, 296-298, 
305-307 
multiple-feedback, 288-295 
negative immittance converters, 308- 
310 
noise, 314 
sensitivity, 289, 291, 292, 294-295, 
296-300, 302, 305-307, 309-310, 
461-468 
state-variable circuit, 303-308 


Active filters, tuning procedures, 288, 
291, 295, 303, 307, 310-313 
Amplitude demodulation (see 
Demodulation) 
Amplitude modulation (see Modulation) 
Analog-to-digital (A/D) converters, 341- 
348 
counter-ramp type, 342-343 
continuous, 343-344 
dual-slope method, 346-348 
successive-approximation type, 344— 
; 346 
Analog multiplexers (see Multiplexers, 
analog) 
Analog multipliers (see Multipliers, 
analog) 


Bandwidth, 11 
cascode, 46 
class A-B stage, 107 
common-emitter, 101 
common-mode, 24, 28 
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Bandwidth, common-source, 102 
differential stage, 15, 20, 128, 177, 183 
dynamic load, 104 
effect of loading on, 219-221] 
emitter-follower, 99 
operational amplifier, 123 
source-follower, 99 
totem pole, 109 
unity gain, 450 
(See also Frequency response) 

Bias current (see Input bias current) 

Bode plots, 166, 432-435 

‘“‘Bootstrapping”’ of ac amplifier input 
~ impedance, 223-224 

Breakpoint, 251-254 

Bridge amplifiers, 208-212 
(See also Differential dc amplifiers) 


Capacitance: 
collector-base, 15 
gate-drain, 20 
input (see Input capacitance) 
loading, 14, 39, 186, 219-221 
output, 16, 21 
Cascode differential stage, 44 
Charge amplifiers, 283-235 
Chopper-stabilized amplifiers, 150, 214 
Closed-loop gain, 428-429, 430-432 
Common-emitter stage, 100 
Common-mode, 21 
error, 29, 33, 37 
feedback, 43 
range, 40, 460 
rejection, 34, 38, 47, 96, 122, 486-4387, 
458 
Common-source stage, 101 
Comparators, 358-366 
amplitude classifier, 366-368 
hysteresis, 361-364 
level detection, 360-362 
switching speed, 361-362 
window comparator, 364-366 
zero-crossing detection, 359-360 
Compression amplifiers (see Logarithmic 
amplifiers) | 
Current amplifiers, 232-233 
Current limiting, 113 
diode clamp, 117 
foldback, 118 
resistive, 115 
. transistor clamp, 117 
Current source: 
bias, 41 
load, 47, 102 
output impedance, 42, 102 


INDEX 


Current-to-voltage converters (see 
Current amplifiers) 


Damping ratio, 191, 194 
Darlington differential stage, 70 
Deadspace circuit, 250-251 
Definitions, 444 
Demodulation, 413-425 
amplitude, 413-417 
FM, 417-425 
phase-locking, 420-425 
phase-sensitive, 413-415 
pulse-sample, 415 
pulse-width, 425 
Difference amplifier (see Differential de 
amplifiers) 
Differential de amplifiers, 201-207 
Differential stage, 1 
biasing, 39 
common-mode model, 24, 28 
complete model, 25, 28 
differential-signal model, 14, 20 
Differentiator, 174, 218-219 
Digital-to-analog converters, 335-340 
bipolar converters, 339-3840 
errors, 337, 339 
MDAC, 340-341 
settling time, 339 
unipolar converters, 335-339 
Diode function generators, 251-258 
Diode limiters, 251-21 
Dividers, analog, 279-280 


Emitter-base voltage, 53 
thermal drift, 54 
Emitter-follower, 98, 104 
Error amplifier (see Differential de 
amplifiers) 


Feedback factor, 166, 172, 431-432 

Feedback stability, 165, 170, 185, 432- 
434 

Filters (see Active filters) 

Frequency compensation (see Phase 
compensation) 


‘Frequency demodulation (see 


Demodulation) 
Frequency modulation (see Modulation) 
Frequency response, 123, 129, 159, 167, 
177, 180, 183, 190, 434, 445 
(See also Bandwidth; Bode plots) 
Full power response, 452 
Function generators (see Diode function 
generators) 


INDEX 


Gain, 1 
cascode, 47 
chopper channel, 157 
common-emitter, 100 
common-mode, 23, 24, 27, 28, 32, 37, 
44, 121 
common-source, 101 
differential, 6, 8, 15, 19, 120 
dynamic load, 48, 102 
emitter-follower, 98 
feedforward, 183 
operational amplifier, 121, 445 
source-follower, 99 
totem pole, 108 
varactor bridge, 163 
(See also Closed-loop gain; Open-loop 
gain) 
Gate leakage current, 76 
Gate-source voltages, 60 
thermal drift, 61 


Ideal amplifier properties, 427-428 
Ideal diode, 237 , 
Input bias current, 39, 47, 67, 77, 135, 
136, 159, 160, 455 
compensation, 72 
effects of, 438-439 
thermal drift, 68, 77, 135, 136, 456 
Input capacitance: 
cascode, 46 
class A-B stage, 107 
common-emitter, 101, 124 
common-mode, 23, 27, 460 
common-source, 102, 125 
differential, 13, 19, 124, 450 
dynamic load, 104 
effects of, 442 
emitter-follower, 98 
operational amplifier, 13, 124, 450 
source-follower, 99 
totem pole, 110 
Input impedance, 441-442 
(See also Input resistance) 
Input noise, 78, 81, 138, 457 
current, 84, 87, 1388, 458 
total, 143 : 
voltage, 83, 87, 141, 142, 457 
Input offset current, 69, 77, 134, 136, 456 
thermal drift, 70, 185, 456 
Input offset voltage, 52, 58, 135, 137, 152, 
158, 160, 454 
balance, 56, 67, 445 
effects of, 437-438 
thermal drift, 54, 62, 135, 137, 455 
thermal drift balance, 56, 64 
Input protection, 93, 94 
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Input resistance: 
chopper channel, 158 
common-emitter, 100 
common-mode, 22, 26, 438, 459 
differential, 7, 9, 448 
dynamic load, 103 
emitter-follower, 98 
operational amplifier, 120, 448 
totem pole, 108 
varactor amplifier, 163 
Input stages, 40, 48, 44, 47, 91 
Instrumentation amplifier 
(see Differential de amplifiers) 
Integrators, 213-218 
choice of amplifier for, 214 
effect of bias current, 213-214 
effect of offset voltage, 213-214 
feedback capacitor, 214 
frequency response, 214-215 
mode control, 217-218 
transient response, 215-217 
Intermediate stages, 41, 43, 44, 47, 95 
Inverting amplifier circuits, 428-430 


Level shifting, 96 
Limiters, 237-251 
applications of, 247-251 
feedback type, 241-248 
precision type, 245-247 
Line-driving amplifiers, 219-222 
Loading, effect of, on bandwidth, 219-222 
Log-ratio circuit, 264-265 
Logarithmic amplifiers, 258-267 
Loop gain, 166, 431, 434 


Matching, 21, 41, 52, 59 
Maximum selector, 251 
Modulation, 397-413 
amplitude, 397-400 
frequency, 400-403 
pulse amplitude, 398-400 
pulse-width, 411-413 
suppressed carrier, 397-398 
Multiplexers, analog, 327-335 
buffer amplifier for, 328-330 
“CMR (common-mode rejection), 
331-332 
cross talk, 330 
differential input, 331-333 
J-FET type, 329 
MOSFET type, 328-329 
multitiered connection, 332-335 
settling time, 331 
shielding and guarding, 331-333 
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Multipliers, analog, 268-280 
current-ratioing type, 277-280 
logarithmic type, 268-270 
quarter-square type, 270-271 
time-division, 273-276 
triangle-averaging type, 271-273 
variable transconductance, 276-277 

Multivibrators (see Waveform 
generators) 


Noise: 
bandwidth, 146, 457 
bipolar transistor, 81 
effects of, 489-440 
FET (field-effect transistor), 86 
shot, 78 
thermal, 79 
(See also Input noise) 
Noise figure, 147 
Noninverting amplifier circuits, 430-431 


Offset current (see Input offset current) 
Offset voltage (see Input offset voltage) 
Open-loop gain, 431-433, 445 
Oscillators (see Waveform generators) 
Output impedance, 219-221, 440, 458 
(See also Output resistance) 
Output resistance: 
cascode, 47 
chopper channel, 158 
' common-emitter, 100 
common-mode, 22, 27 
common-source, 101 
differential, 7, 9 
dynamic load, 50 
emitter-follower, 98 
operational amplifier, 120, 447 
source-follower, 99 
totem pole, 108 
Output stages, 104 
class A, 105 
class A-B, 106 
differential, 112 
high-current, 111 
high-voltage, 110 
totem pole, 107 
Overload recovery, 454 
Overshoot, 191 
(See also Peak detectors, overshoot) 


Peak detectors, 353-358 
decay rate, 354 
mode control, 353-354, 357-358 
overshoot, 354-855 
Peak-to-peak detector, 358 
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Peaking, 186, 196 
vs. damping ratio, 194 
gain, 187 
vs. phase margin, 190 
Phase compensation, 91, 165, 174 
feedforward, 158, 183 
Miller effect, 181 
RC shunt, 176 
selection, 196 
—6 dB/octave, 180 
—6—12—6 dB/octave, 180 
Phase margin, 175, 189, 196 
Phase response, 169, 170 
(See also Bode plots) 
Precision gate, 250-251 
Precision limiter (see Limiters, precision 
type) 
Pulse-width demodulation (see 
Demodulation) 
Pulse-width modulation (see Modulation) 


Rated output, 451 

Reference voltage source, 229-230 
Regulators (see Voltage regulators) 
Ringing, 191 

Root mean square (rms), 280 


Sample-hold circuits, 349-353 
acquisition time, 349-352 
aperture time, 349 
drift, 350 
errors, 350-351, 353 

Sensitivity functions: 
application of, 465-468 
bandpass functions, 463-464 
definition of, 461-462 
high-pass functions, 463-464 
identities, 464—465 
low-pass functions, 462-463 

Settling time, 193, 453 
of D/A converter, 339 
of multiplexer, 331 
of sample-hold, 349-350 

Signal generators 

(see Waveform generators) 

Signal-to-noise ratio, 147 

Slewing rate, 39, 92, 193, 451 

Square root, 280 

Squaring, 258, 280 

Stability (see Feedback stability) 

Step response, 190, 196 


Test circuits, 444 

Transducer amplifiers (see Bridge 
amplifiers; Differential de 
amplifiers) 
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Unbalance: 
common-mode, 29 
de bias, 131 
source impedance, 68, 203 
thermal drift, 133 


Varactor amplifiers, 150, 160, 233 

Variable diode function generators (see 
Diode function generators) 

Virtual ground concept, 429-430 

Voltage controlled oscillator, 400-403 

Voltage follower, 430-431 

Voltage regulators, 230-232 
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Voltage-to-current converters, 225-229 
Voltage-to-frequency converters, 403-411 


Waveform generators, 370-396 


function generator, 375-377 
multivibrators, 392-396 
phase-shift oscillator, 391-392 _ 
quadrature oscillator, 385-391 
sine wave, 377, 381-392 

square wave, 370-377 

triangle wave, 373-381 
Wien-bridge oscillator, 381-385 


Zero temperature coefficient, 61 
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